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Abstract
Since the Earth was formed, CO2 level has steadily increased as mankind began using fossil fuels, now 
exceeding 408 ppm. The increased CO2 has a significant impact on climate change by increasing the 
global temperature due to the greenhouse effect by approximately 1 oC, and it increased sea level by 
more than 30 cm for the last century. In response to this crisis, there have been great efforts to reduce 
and utilize CO2 as a resource. The considerable research has been focused on the chemical conversion 
of CO2 into high value-added carbon compounds and the electrochemical utilization on metal-CO2
batteries adopting carbon capture, utilization and sequestration (CCUS) technology. However, it has 
been pointed out that it cannot be an effective greenhouse gas abatement technology due to low 
conversion rate with high energy requirement. In order to meet an energy society liberated from fossil 
fuels, we should be able to utilize and store energy using unlimited fuel which is environment friendly. 
This research focuses on developing advanced electrocatalysts for efficient utilization of oxygen via
polymer electrolyte membrane fuel cell (PEMFC) and Meta (Li, Na, Zn)-air batteries. In addition to 
energy production, the rationally engineered electrochemical devices were further invented to 
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Figure 1-1 (a) CO2 levels from the last three glacial cycles. (b) The change in global surface temperature 
relative to 1880-2020 average temperature. reproduced from Wikipedia under the terms of the CC BY-
SA 3.0.
Figure 1-2 PEM fuel cell structure.
Figure 1-3 Theoretical and practical energy densities of batteries.
Figure 1-4 Scheme of Conventional Metal-CO2 batteries.
Figure 1-5 Paul Sabatier, reproduced from Wikipedia under the terms of the CC BY-SA 3.0
Figure 1-6 Schematic representation of the qualitative Sabatier principle.
Figure 1-7 (a) ORR volcano plots for metals catalysts; (b) OER volcano plots for generally used metal 
oxides. Reproduced with permission. Copyright 2017, American Association for the Advancement of 
Science.
Figure 1-8 The illustration of the mechanism of the hydrogen evolution reaction on the surface of an 
electrode in acidic and alkaline solutions. Reprinted with permission. Copyright 2020, Royal Society 
of chemistry
Figure 1-9 The first volcano plot for HER reported by Trasatti. Reproduced with permission. Copyright 
1972. Published by Elsevier B.V.
Figure 2-1 TEM images of (a) FeN-GnPs and (c) Pt/FeN-GnPs. Elemental mapping by EDS for (b) 
FeN-GnPs and (d) Pt/FeN-GnPs.
Figure 2-2 (a) X-ray diffraction (XRD) patterns of Pt/FeN-GnPs, Pt/C, and FeN-GnPs. (b) 
Thermogravimetric analysis (TGA) of Pt/FeN-GnPs and FeN-GnPs
Figure 2-3 (a) Cyclic voltammograms of Pt/FeN-GnPs in O2- or N2-saturated 0.1 M HClO4. (b) Linear 
sweep voltammetry (LSV) curves for ORR polarization curves of Pt/C, FeN-GnPs, and Pt/FeN-GnPs 
by RDE in O2-saturated 0.1 M HClO4. (c) RDE voltammograms for Pt/FeN-GnPs in 0.1 M HClO4
saturated with O2. (d) Koutecky-Levich plots obtained from the RDE results. CVs of (e) Pt/C and (f) 
Pt/FeN-GnPs in N2-saturated 0.1 M HClO4 for the 1st and 1000th cycles.
Figure 2-4 TEM images of Pt/FeN-GnPs (a) before and (b) after cycles in O2 saturated 0.1 M HClO4
by CVs. TEM images of commercial Pt/C (c) before and (d) after cycles in O2 saturated 0.1 M HClO4
by CVs.
Figure 2-5 (a) XPS survey scan spectrum of FeN-GnPs and Pt/FeN-GnPs. XPS images of (b) C 1s, (c) 
Fe 2p, (d) Pt 4f, N 1s for (e) FeN-GnPs and (f) Pt/FeN-GnPs.
Figure 2-6 (a) Comparison of single cell performances with the commercial 40 wt.% Pt/C, FeN-GnPs, 
and Pt/FeN-GnPs as the cathode catalysts at a catalyst loading of 1 mg cm-2. Commercial 0.4 mgpt cm-
2 Pt/C as anode; H2/O2 at 80 oC (gas pressure ratio: Anode/Cathode = 1/1.7); Nafion 112 membrane; 
60/100 mL min-1 anode and cathode flow rates, respectively.
VIII
Figure 2-7 Stability of single cell performance with Pt/FeN-GnPs catalyst at constant current density 
of 0.5 A cm-2.
Figure 3-1 (a) Schematic illustration of the fabrication of Fe@C2N and NP Co3O4/ Fe@C2N
nanocomposites via an annealing and hydrothermal strategy. XRD patterns of (b) Fe@C2N and (c) NP 
Co3O4/ Fe@C2N.
Figure 3-2 (a) Bright-field (BF) STEM image of Co3O4/ Fe@C2N. (b) High-angle annular dark-field 
(HAADF) STEM image and electron energy loss spectroscopy (EELS) elemental mapping images of 
C K, N K, Fe L2,3, and Co L2,3 edges of Co3O4/ Fe@C2N. (c) High-resolution (HR) TEM image of 
Co3O4/ Fe@C2N. Magnified images of (d) Co3O4 and (e) Fe@C2N.
Figure 3-3 (a) Schematic illustration of the fabrication of Fe@C2N and NP Co3O4/Fe@C2N 
nanocomposites via an annealing and hydrothermal strategy. XRD patterns of (b) Fe@C2N and (c) NP 
Co3O4/Fe@C2N.
Figure 3-4 (a) CV curves in N2-saturated (dash line) and O2-saturated (solid line) 0.1 M KOH solution, 
(b) LSV at 1600 rpm in O2-saturated 0.1 M KOH solution and (c) Tafel plots for Fe@C2N, NP Co3O4/
Fe@C2N, and Pt/C. (d) chronoamperometric profile of NP Co3O4/ Fe@C2N compared to that of Pt/C at 
0.6 V vs. RHE.
Figure 3-5 LSV at 1600 rpm in O2-saturated 0.1 M KOH solution for ORR of a) Co3O4, c) C2N, and e) 
NP Co3O4/C2N, and for OER of b) Co3O4, d) C2N, and f) NP Co3O4/C2N catalyst.
Figure 3-6 LSV at 1600 rpm in O2-saturated 0.1 M KOH solution with the different concentration of 
Co(Ac)2 aqueous solution.
Figure 3-7 The number of transferred electrons (n) and peroxide yield recorded with Fe@C2N, NP 
Co3O4/Fe@C2N, Pt/C, and Co3O4 catalysts at 1600 rpm in O2-saturated 0.1 M KOH solution.
Figure 3-8 a) N2 adsorption/desorption isotherms of Fe@C2N, NP Co3O4/Fe@C2N, and Pt/C. b-d) the 
pore size distribution of Pt/C, Fe@C2N, and NP Co3O4/Fe@C2N. The Brunauer-Emmett-Teller (BET) 
specific surface areas are 178.3, 338.1, and 121.3 m2 g-1 for Pt/C, Fe@C2N, and NP Co3O4/Fe@C2N, 
which are calculated by the results of N2 adsorption/desorption isotherms.
Figure 3-9 Electrochemical CV scans recorded for a) Fe@C2N and b) NP Co3O4/Fe@C2N catalysts at 
different potential scanning rates. Scan rates are 20, 40, 60, 80, and 100 mV s-1. The selected potential 
range where no faradic current was observed is 1.10 to 1.20 V vs. RHE. c) plot of half of the current 
density at 1.15 V vs. the scan rate.
Figure 3-10 a) LSV plots for OER and b) Tafel plots of Fe@C2N, NP Co3O4/ Fe@C2N, and IrO2 after 
ten consecutive scans. LSV curves for OER of c) Co3O4+ Fe@C2N composite and d) NP Co3O4/
Fe@C2N for 100 cycle measurements. The insets in (c) and (d) show the normalized current densities 
along 100 consequent scans at 1.7 V vs. RHE at each sample. e) EIS curves at 1.7 V vs. RHE of Fe@C2N, 
NP Co3O4/ Fe@C2N, and IrO2. Inset represents the equivalent circuit used to fit the experimental data 
where Rs is electrolyte resistance, CPE is double layer capacity, and Rct is charge transfer resistance). 
IX
f) Chronopotentiometry profile of NP Co3O4/ Fe@C2N, and IrO2 at a constant current density of 1.0 mA 
cm-2.
Figure 3-11 SEM image of a) the NP Co3O4/Fe@C2N and b) Co3O4+Fe@C2N composite.
Figure 3-12 a) XPS survey spectrum, high-resolution XPS spectra of the b) C 1s, and c) Fe 2p in NP 
Co3O4/ Fe@C2N, d) high-resolution XPS spectra of the d) N 1s, e) O 1s, and f) Co 2p in NP Co3O4/
Fe@C2N and composite Co3O4+ Fe@C2N.
Figure 3-13 a) XPS survey spectrum for Fe@C2N and C2N. b) High-resolution XPS spectra of the N 
1s in NP Co3O4/Fe@C2N, Fe@C2N, and C2N. c) Detailed peak ratio in b). d) XPS survey spectrum and 
e) high-resolution XPS spectra of the N 1s for Fe@C2N and Hydrothermal Fe@C2N. f) Detailed peak 
ratio in e). 2p in NP Co3O4/ Fe@C2N, d) high-resolution XPS spectra of the d) N 1s, e) O 1s, and f) Co 
2p in NP Co3O4/ Fe@C2N and composite Co3O4+ Fe@C2N.
Figure 3-14 Full-cell performance of the NP Co3O4/ Fe@C2N and Pt/C+IrO2 catalyst. a) First discharge-
charge curves of Zinc-air cells for the NP Co3O4/ Fe@C2N and Pt/C+IrO2 with different current 
densities in the range of 5-15 mA cm-2. b) Cycling performance of Zinc-air cells using b) NP Co3O4/
Fe@C2N and Pt/C+IrO2, and c) NP Co3O4/ Fe@C2N and Co3O4+ Fe@C2N composite at a current 
density of 2 mA cm-2. d) First discharge-charge curves of hybrid Li-air cells for the NP Co3O4/ Fe@C2N
and Pt/C+IrO2 with different current densities in the range of 0.5 – 2.0 mA cm-2. Cycling performance 
of hybrid Li-air cells using e) NP Co3O4/ Fe@C2N and Pt/C+IrO2, and f) NP Co3O4/ Fe@C2N and 
Co3O4+ Fe@C2N composite at a current density of 0.5 mA cm
-2.
Figure 3-15 a) The schematic configuration of the assembled Zn-air battery. b) First discharge-charge 
curves without catalyst with different current densities in the range of 5-15 mA cm-2. c) Cycling 
performance without catalyst at a current density of 2 mA cm-2. d) Discharging polarization curves and 
the corresponding power densities based on Pt/C+IrO2, NP Co3O4/ Fe@C2N and without catalyst. e) 
Discharge curves of Zn-air battery with Pt/C+IrO2, NP Co3O4/Fe@C2N and without catalyst under 
continuous discharge until complete consumption of Zn. f) Cycling performance for Pt/C+IrO2 and NP 
Co3O4/Fe@C2N at a current density of 10 mA cm-2.
Figure 3-16 a) The schematic configuration of the assembled Li-air battery. b) First discharge-charge 
curves without catalyst with different current densities in the range of 0.5-2.0 mA cm-2. c) Cycling 
performance without catalyst at a current density of 0.5 mA cm-2.
Figure 4-1 Schematic illustration of hybrid Na-CO2 system and its reaction mechanism.
Figure 4-2 The components of hybrid Na-CO2 cell. Related to Figure 4-1. (A) The digital photograph 
of hybrid Na-CO2 cell. (B) The anode and cathode assembly of Na-CO2 cell. (C) The components of 
anode coin cell. Details are available in Transparent Methods. Related to Figure 4-1.
Figure 4-3 Mole fractions of the three different carbonate forms, i.e., carbonic acid ion, bicarbonate 
ion, and carbonate ion, as a function of pH of dissolved solution (Note: carbonic acid ion here includes 
ionic carbon dioxide).
X
Figure 4-4 (A) Cathodic CV profiles measured in O2, N2, and CO2-saturated 0.1 M NaOH at 10 mV s
-
1, where Pt as a working and counter electrode and Ag/AgCl electrode as a reference electrode. A 
reference potential is described with Ag/AgCl instead of RHE for the clarification of potential difference 
in relationship between purging gases and pH. (B) Tafel analysis of the cathodic profiles. (C) Cathodic 
CV profiles measured in O2 and CO2 saturated seawater. (D) Corresponding Tafel plots. (E) Schematics 
diagram of hydrogen evolution potential related to pH. RHE calibration profile corresponding to 
hydrogen evolution potential measured in (F) 0.1 M NaOH (G) CO2 saturated 0.1 M NaOH (H) seawater 
and (I) CO2 saturated seawater.
Figure 4-5 (A) Chronopotentiometric potential profiles on the hybrid Na-CO2 system under various 
current densities. Discharge processes are conducted in CO2, N2 saturated 0.1 M NaOH to observe the 
effects of CO2 dissolution. (B) The chronopotentiometric discharge profile of Pt/C+IrO2 catalyst at 200 
mA g-1 in CO2-saturated 0.1 M NaOH. (C) Discharge profile of hybrid Na-CO2 system measured in CO2
saturated seawater. Surface observation of carbon felt cathode before and after test. (D) Scanning 
Electron Microscopy (SEM) image of carbon felt before discharge (E) after discharge in 0.1 M NaOH, 
(F) after discharged in seawater. (G) XRD profiles of carbon felt electrode before and after discharge in 
0.1 M NaOH and seawater.
Figure 4-6 Cathodic full-cell CV profiles measured by Pt/C+IrO2 catalyst at 0.1 mV s-1 in the hybrid 
Na-CO2 system conducted in three-electrode configuration using Ag/AgCl. CV profiles measured in O2,
N2, or CO2 saturated (A) 0.1 M NaOH (B) seawater. These profiles reveal the CO2 dissolution could 
render a favorable electrochemical environment to HER.
Figure 4-7 The pH of the CO2-saturated 0.1 M NaOH solution. (A) before test and (B) after 1000 hours 
test.
Figure 4-8 Gas chromatography (GC) profiles of generated gas during discharge process. The gas 
obtained during cathodic reaction proceeded in (A) CO2 saturated 0.1 M NaOH (B) CO2 saturated 
seawater.
Figure 4-9 XRD profile of the solidified aqueous solution via freeze-drying. The inset shows the 
obtained white powder.
Figure 4-10 XRD profiles of the soluble product after discharge reaction obtained by various drying 
conditions. (A) Dried at room temperature. Because non-marine evaporites precipitate in different 
proportions of chemical elements from those found in the aqueous environments, three different 
minerals (nahcolite: NaHCO3, thermonatrite: Na2CO3·H2O, and trona: Na2CO3·NaHCO3·2H2O) are 
naturally obtained. (B) Dried at 70 oC oven. Only Na2CO3 is formed when dried at high temperature.
Figure 4-11 The experimental CO2 conversion efficiency. (A) Theoretical CO2 conversion rate at 
current of 100 mA. (B) The quantitative GC profiles of outlet CO2 gas during practical measurement 
condition for different inlet CO2 flow rate of 23.0 mL min-1.
XI
Figure 4-12 (A) Anodic RDE profile of Pt/C+IrO2 catalyst measured in CO2-saturated 0.1 M NaOH 
and seawater at 10 mV s-1, where Pt as a counter electrode and Ag/AgCl electrode as a reference 
electrode. (B) Discharge-charge profiles measured in three-electrode configuration using Ag/AgCl 
reference electrode at 100 mA g-1. (C) Charge-discharge profiles at various current densities under CO2
saturated 0.1 M NaOH and seawater. (D) Cyclic charge-discharge performance measured in CO2-
saturated 0.1 M NaOH and seawater at a current density of 200 mA g-1 for 700 hours.
Figure 4-13 The GC profile of generated gas during the oxidation process.
Figure 4-14 Raw data of gas chromatography profiles of evolved gas during charging process.
Figure 5-1 Schematic illustration of aqueous Zn- or Al-CO2 systems and their reaction mechanism.
Figure 5-2 Hydrogen evolution potential according to a pH of aqueous solution. Hydrogen evolution 
potential is closely correlated to the pH value and follows the equation, E (V vs. SHE) = 0.000 – 0.0591 
× pH and E (V vs. Ag/AgCl) = -0.197 – 0.0591 × pH. (a) Schematics diagram of hydrogen evolution 
potential related to pH. RHE calibration profile corresponding to hydrogen evolution potential 
measured in (b) 1 M KOH (c) CO2 saturated 1 M KOH (d) seawater and (e) CO2 saturated seawater.
Figure 5-3 Half-cell configured reduction profiles. A reference potential is described with Ag/AgCl 
instead of RHE for the clarification of potential difference in a relationship between purging gases and 
pH. (a) Cathodic CV profiles measured in O2, N2, and CO2-saturated 1 M KOH at 10 mV s-1, where Pt-
wire is a working and counter electrode. (b) Tafel analysis of the cathodic profiles. (c) RDE polarization 
curves for various catalysts measured in CO2-saturated 1 M KOH. (d) Tafel plots derived from the RDE 
profiles.
Figure 5-4 (a) XPS spectra of PBSCF; (b) O 1s, (c) Pr 3d, (d) Co 2p and Ba 3d, (e) Sr 3d, (f) Fe 2p.
Figure 5-5 The digital photograph of Zn- or Al-CO2 system
Figure 5-6 Zn- and Al-CO2 systems performance. Full cell tests were conducted in three-electrode 
configuration using Ag/AgCl reference electrode. The polarization I-V profiles were measured under 
CO2-saturated 1 M KOH for various catalysts for (a) Zn-CO2 system and (b) Al-CO2 system. (c) 
Comparison of maximum power density and corresponding current density for various metal-CO2 cells. 
(d) Chronopotentiometric reduction profiles at 5 mA cm-2 in CO2-saturated 1 M KOH for Zn-CO2
system (above) and Al-CO2 system (below). (e) The in-operando qualitative GC profiles of outlet CO2
feed gas before and during discharging at 100 mA under CO2-saturated 1 M KOH (above) and seawater 
(below). The enlarged areas near 12 min indicating the amount of converted CO2 is shown as the insets.
Figure 5-7 The polarization I-V profiles obtained at the various catalyst loading density of 1, 2, and 3 
mg cm-2 for (a) Pt/C, (b) PBSCF, (c) FL-graphene, (d) KB.
Figure 5-8 Discharge profiles measured at the current density of 10 and 50 mA cm-2 for (a) Zn-CO2 and 
(b) Al-CO2 cell using Pt/C catalyst. The discharge profile of Al-CO2 cell in this figure was measured by 
using a low purity Al plate (Al plate, alloy 6061, Alfa-aesar Co.) rather than the high purity Al foil 
(99.99 %) because a self corrosion rate of thin Al foil is too fast.
XII
Figure 5-9 SEM images of Pt/C catalyst loaded carbon paper electrode before and after tests in Zn- and 
Al-CO2 systems. (a) and (b) SEM images of Pt/C electrode before tests. (c) Energy dispersive X-ray 
spectroscopy (EDX) image of the electrode before tests. Corresponding elements mapping images for 
(d) carbon (e) oxygen and (f) platinum. (g) and (h) SEM images of Pt/C electrode after tests. (i) EDX 
image of the electrode before tests. Corresponding elements mapping images for (j) carbon (k) oxygen 
and (l) platinum.
Figure 5-10 SEM images of PBSCF loaded electrode. (a) SEM image of PBSCF catalyst electro 
sprayed carbon paper electrode examined before a test (b) after electrochemical test. (c) and (d), 
enlarged images of (a) and (b), presenting PBSCF loaded carbon fiber tissue of carbon paper electrode.
Figure 5-11 SEM images of FL-graphene loaded electrode. (a) SEM image of FL-graphene catalyst 
electro sprayed carbon paper electrode examined before a test, (b) after electrochemical test. (c) and (d),
enlarged images of (a) and (b), presenting FL-graphene loaded carbon fiber tissue of carbon paper 
electrode.
Figure 5-12 Chronopotentiometric discharge profiles of Zn- and Al-CO2 systems measured under CO2
saturated seawater.
Figure 5-13 Gas chromatography (GC) profiles of generated gas during discharge process. The gas 
obtained during cathodic reaction proceeded in (a) CO2 saturated 1 M KOH, (b) CO2 saturated seawater
Figure 5-14 RHE calibration profiles for calculating the pH of (a) 0.1 M KHCO3, (b) 0.5 M KHCO3, 
(c) 1 M KHCO3 and (d) 3 M KHCO3. (e) Solution resistance value of 0.1, 0.5, 1.0, and 3.0 M KHCO3
measured by electrochemical impedance spectroscopy using Pt-wire as a working and counter electrode. 
(f) RDE polarization curves measured at various concentration of KHCO3 for Pt/C catalyst.
Figure 5-15 (a) The in-operando qualitative GC profiles of outlet CO2 feed gas before and during 
discharging at 100 mA under 3.4 M KHCO3 solution. The enlarged area near 12 min indicating the 
amount of converted CO2 is shown as the inset. (b) A digital photograph of a precipitated white solid 
formed during discharging in the completely carbonate ions saturated solution. (c) the XRD profile of 
the precipitated white solid.
Figure 5-16 Digital photographs of (a) H-type cell used in this work, (b) newly manufactured H-type 
cell with 20 times larger scale. Typical credit card was presented for comparison the size of cell (Any 
personal information or card number is not shown). (c) Screen captured image of raw data of Zn-CO2
cell performances measured by small H-type cell and large scaled H-type cell.
Figure 6-1 Schematic configuration and operation principle for each battery system from organic to 
membrane-free battery. Inset: Maximum power density (Pmax) and operating current for various metal-
CO2 cells. Schematic illustration of aqueous Zn- or Al-CO2 systems and their reaction mechanism.
Figure 6-2 Membrane-free Mg-CO2 battery modelling. Three-dimensional electrochemical modelling 
is conducted with mimicking the physical appearance of Mg-CO2 battery system. (a) Schematic of Mg-
CO2 battery model, (b) Meshes that contain 0.1 million tetrahedral elements, (c) Electronic potential 
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distribution at , (d) Spatial distribution of current densities along the magnesium metal 
length, and (e) Corresponding current density distributions in the electrodes.
Figure 6-3 Hydrogen evolution potential according to a pH of aqueous solution. Hydrogen evolution 
potential is closely correlated to the pH value and follows the equation, E (V vs. SHE) = 0.000 – 0.0591 
× pH and E (V vs. Ag/AgCl) = -0.197 – 0.0591 × pH. (a) Schematics diagram of hydrogen evolution 
potential related to pH. pH value of the solution with CO2 purging as a function on the time aerated in 
(b) 1M KOH and (c) 1 M KOH + 1 M NaCl solution.
Figure 6-4 Half-cell configured reduction profiles. (a)Linear sweep voltammetry (LSV) profiles 
measured in N2- and CO2-saturated condition. (b) Tafel plots of the cathodic profiles. (c) EIS curves at 
- 0.8 V vs. Ag/AgCl in N2- and CO2-saturated condition. (d) Chronopotentiometry profile at - 1 mA cm-
2 in different saturated gas. (e) The in-operando chronopotentiometry reduction profile from N2-
saurated to CO2-saturated condition at - 1 mA cm
-2. Inset: pH value of the solution with CO2 purging as 
a function on the time aerated.
Figure 6-5 The effects of saturated condition in N2 or CO2 for Mg-CO2 battery. (a) I-V profiles under 
N2- or CO2-saturated 1 M KOH and 1 M NaCl. (b) Potentiodynamic polarization for Mg at different 
saturated condition.
Figure 6-6 Membrane-free Mg-CO2 Battery performance. Full-cell tests were conducted in three-
electrode configuration using Ag/AgCl reference electrode. (a) Polarization curves of catalyst. (b) 
Chronopotentiometric reduction profiles at 10 mA cm-2. (c) I-V profiles and corresponding power 
density of practical and simulated electrochemical performances. (d) Contribution of component 
overpotentials to the overall potential loss. (e) Spatial distribution of electronic and ionic potentials. (f) 
The amount of hydrogen production and CO2 conversion with Faraday efficiency during consecutive 
discharge at 200 mA. (g) The in-operando qualitative GC profiles of outlet CO2 feed gas before and 
during discharge at 200 mA under CO2 saturated 1 M KOH + 1M NaCl solution.
Figure 6-7 The effects of saturated condition in N2 or CO2 for Mg-CO2 battery. (a) I-V profiles under 
N2- or CO2-saturated 1 M KOH and 1 M NaCl. (b) Potentiodynamic polarization for Mg at different 
saturated condition.
Figure 6-8 The theoretical amount of hydrogen production and CO2 conversion at 200 mA discharge 
process.
Figure 6-9 Structure and morphology analysis after discharge process. (a) Schematic illustration of MF 
Mg-CO2 battery. (b and c) The XRD profile of the precipitated white solid after discharge process in 
CO2 sat’d condition and N2 sat’d condition. (d and e) The FT-IR spectra and XRD patterns of pure Mg, 
Mg after discharge in N2 sat’d condition, and Mg after discharge in CO2 sat’d condition. (f) XRD 
profiles of carbon paper electrode with Pt/C catalyst before and after discharge progress under CO2
sat’d 1 M KOH + 1M NaCl solution.
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Figure 6-10 Pourbaix diagram for Mg-H2O system at 25 
oC.
Figure 6-11 Potentiodynamic polarization for Mg electrode at different concentrations of NaCl.
Figure 6-12 Reversibility of Membrane-free Mg-CO2 Battery. (a) Anodic rotating disk electrode 
profiles of IrO2 catalyst in CO2 sat’d 1 M KOH with and without 1 M NaCl. Inset: Tafel plots of the 
anodic profiles. (b) Charge and discharge polarization curves compared between practical and simulated 
performances in Mg-CO2 Battery. (c) The amount of oxygen and chlorine production during the 
consecutive charge at 200 mA. (d) Discharge-charge curves with different current densities in the range 
of 5-40 mA cm-2. (e) Cycling performance of Mg-CO2 Battery at a current density of 20 mA cm-2.
Figure 6-13 Polarization curves, I-V profiles and Charge-discharge polarization curves compared 
between aqueous Zn-CO2 system and Mg-CO2 battery.
Figure 6-14 (a) Mg ion concentration in solution during charge process for Mg-CO2 battery. (b) 
Schematic of charge process of battery.
Figure 6-15 Structural and electrochemical analysis of Ba0.5Sr0.5Co0.8Fe0.2O3-d (BSCF). (a) X-ray 
diffractometer (XRD) result and (b) morphology of BSCF. (c) RDE polarization curves of each catalyst 
for reductive profile and (d) anodic profiles in CO2 sat’d 1 M KOH with and without 1 M NaCl of BSCF.
Figure 6-16 Various Mg alloy electrodes for Mg-CO2 battery. I-V profiles and stability test using (a,d) 
AZ31, (b,e) AZ61, and (c,f) AZ91 alloy electrode
Figure 6-17 MF Mg-CO2 battery at the crossroad to better support sustainable human life.
Figure 6-18 Schematic representation of processes and energy requirements (a) without charge process 
and (b) with charge process from renewable energy.
Figure 7-1 Schematic illustration of CP -Pt and CV-Pt electrodes.
Figure 7-2 (a) XRD patterns of six samples including bare Ni mesh, and Pt-deposited Ni mesh prepared 
by different electrochemical processes. SEM images of electrodeposited Pt on Ni mesh (b) CP process 
and at various cycle number (c) 100 (d) 200 (e) 400 (f) 500 cycles. Scale bar : 1 um.
Figure 7-3 (a) Bright-field (BF) STEM image of 500 CV-Pt. (b) TEM-EDS mapping image shows 
flower-like morphology belongs to Pt of 500 CV-Pt. (c) EDS map spectrum of 500 CV-Pt. Scale bar : 
200 nm. (d) Bright-field (BF) STEM image of CP-Pt. (e) TEM-EDS mapping image shows flower-like 
morphology belongs to Pt of CP-Pt. (f) EDS map spectrum of CP-Pt. Scale bar : 200 nm.
Figure 7-4 (a) CVs measured on the CV-Pt electrocatalysts in 5 M KOH / 1 M ammonia solution. (b) 
Comparison of peak current density at different electrodeposition process. (c) CVs of the 500 CV-Pt on 
carbon paper at various temperatures from 25 oC to 60 oC. (d) Arrhenius plot. The double-layer 
capacitance (Cdl) of Ref electrode is 4.86 mF cm-2 (e) CVs of the 500 CV-Pt electrode at various KOH 
concentrations from 0 M to 5 M. (f) CVs of the 500 CV-Pt electrode at various ammonia concentrations 
from 0 M to 2 M. All of CVs measurements are recorded at a scan rate 20 mV s-1.
Figure 7-5 Mass activity of peak current for 100 CV-Pt, 200 CV-Pt, 400 CV-Pt, 500 CV-Pt, 600 CV-Pt, 
and commercial Pt/C catalyst
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Figure 7-6 Electrochemical CV scans recorded for each electrode; Scan rates are 20, 40, 60, 80, 100, 
and 120 mV s-1. The selected potential range where no faradic current was observed from 0.165 to 
0.265 V vs. RHE. (a) CP (b) CV-100 cycles (c) CV-200 cycles (d) CV-400 cycles (e) CV-500 cycles 
and (f) Capacitive current of each electrode at 0.215 V with different scan rates.
Figure 7-7 Peak current density and current density at specific potential of each electrode. h means 
overpotential for AOR.
Figure 7-8 (a) Stability test of the CV-Pt electrodes at 60 oC at constant current density of 50 mA cm-2
using 5 M KOH containing 1 M ammonia. (b) Maximum durability time and operating current density 
for the present work with that of previous studies for the electro-oxidation of ammonia. (c) Polarization 
I-V profiles of 500 CV-Pt at various ammonia concentrations (d)-(e) Relationship between peak current 
density in CVs and durability time. (f) Linear-tendency of durability time with ECSA and peak current 
density.
Figure 7-9 (a) Stability test of the CV-Pt electrodes at 60oC and room temperature at constant current 
density of 50 mA cm-2 using 5 M KOH containing 1 M ammonia. (b) Maximum durability time and 
operating current density for the present work with that of previous studies for the electro-oxidation of 
ammonia.
Figure 7-10 Integrated peak areas of each gas and faradaic efficiency of (a) H2, (b) O2, and (c) N2. (d) 
GC profiles of Ar saturation process, HER/AOR, and HER//OER configuration. After Ar cleaning 
process, there is no residue gas in the ammonia electrolysis system.
Figure 7-11 (a) Schematic diagram of the in-operando GC measurement using a three-electrode system. 
(b) Faradaic efficiency at a specific voltage (-0.25, -0.15, -0.05, 0.05, 0.15, 0.25, and 0.35V). The error 
bar reflects the three device results. All electrolysis in this system was operated in 1 M NH3 in 5 M 
KOH solution at 60 oC. (c) The amount (mL) and (d) faradaic efficiency (%) of each produced gases 
during operating ammonia electrolysis time over 200 min discharge at 200 mA. (e) 
Chronopotentiometric profile in three electrode configuration system and (f) Hydrogen production per 
power consumption during consecutive discharge at 200 mA.
Figure 7-12 a) A digital image of the ammonia electolysis system for b) the production volume of H2
and N2 at 0.8V using 500 CV-Pt electrode.
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Since the Earth was formed, CO2 level has steadily increased as mankind began using fossil fuels, now 
exceeding 408 ppm (Figure 1-1a). The increased CO2 has a significant impact on climate change by 
increasing the global temperature due to the greenhouse effect by approximately 1 oC (Figure 1-1b), 
and it increased sea level by more than 30 cm for the last century.
The increasing concentration of greenhouse gas CO2 in the atmosphere has caused serious 
anthropogenic climate changes.[1,2] Reducing the release of CO2 into the environment is urgently 
needed. However, there is a dichotomy between power production and CO2 emissions. Burning 
hydrocarbon releases a significant amount of CO2 into the environment. Therefore, several renewable 
energy sources are being developed as alternative energy resources, such as solar and wind energy, 
hydropower and other renewable energy sources. The development of high energy storage systems is 
essential to save extra power for the increased demands and delivery to where it is required. The energy 
storage technologies available for largescale applications can be divided into four types: mechanical, 
electrical, electro-chemical and chemical. Among these, electrochemical energy storage approach is 
popular due to the mechanisms used to store energy. In general, electrochemical energy storage 
possesses a number of desirable features, including pollution free operation, high round trip efficiency, 
a long life cycle, low maintenance and energy characteristics such as quick response when the 
contingency occurs to meet different grid functions.[3] Batteries represent excellent energy storage 
technology for the integration of renewable resources. Fuel cells and super capacitors are also excellent 
mediums for electric energy with high power or energy density. Consequently, they are also receiving 
considerable attention. [4]
Figure 1-1 (a) CO2 levels from the last three glacial cycles. (b) The change in global surface 
temperature relative to 1880-2020 average temperature. reproduced from Wikipedia under 
the terms of the CC BY-SA 3.0.
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1.2.Polymer electrolyte membrane fuel cell
PEM (Polymer Electrolyte Membrane) fuel cell technologies have received world-wide attention in 
recent years owing to their high efficiencies and low emissions. PEM fuel cells are constructed using 
polymer electrolyte membranes (notably Nafion) as the proton conductor and electrochemical catalyst 
(usually Platinum-based materials) for electrochemical reactions under low temperature. Their 
noteworthy features include low operating temperature, high power density, and easy scale-up, making
PEM fuel cells a promising candidate as the next generation of power sources for transportation, 
stationary, and portable applications. Figure 1-2 shows a PEM fuel cell structure and major components.
To provide a sense of history, Sir William Robert Grove demonstrated the very first fuel cell in 1839 by 
showing that the electrochemical dissociation of water was almost reversible using platinized platinum 
(Pt) electrodes in dilute sulfuric acid[5]. Another milestone was the first practical fuel cell developed
by General Electric Company (GE) for the Gemini space mission in 1962. The 1 kW Gemini fuel cell 
system had a Pt-loading of 35 mg/cm2 and performance of 37 mA/cm2 at 0.78 V[6]. Each stack consisted 
of 31 cells in series with an effective diameter about 22 cm for each cell, biporous nickel as electrodes 
(anode porous Ni and cathode lithiated NiO), and 70–85% potassium hydroxide solution as electrolyte. 
Waterand heat byproducts were removed by circulating hydrogen. The whole stack was enclosed in a 
thin metallic cylinder, and provided all the electric power for life support and drinking water in the two-
week lunar mission. In the 1960s, improvements were made by incorporating Teflon in the catalyst 
layer directly adjacent to the electrolyte, as was done with the GE fuel cells at the time. Considerable 
improvements were made from the early 1970s onward with the adoption of the fully fluorinated Nafion
membrane. However, research and development in PEM fuel cells didn’t receive much attention and
funding from the federal government, in particular the US Department of Energy (DOE), and industry 
until a few decades ago or so when breakthrough methods for reducing the Pt loading required for PEM 
fuel cells were developed and subsequently improved by Los Alamos National Laboratory (LANL)and 
others. Notably, Ian Raistrick[7–9]of LANL came up with a breakthrough technique by applying a 
Figure 1-2 PEM fuel cell structure
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solution containing dissolved Nafion material to the surface of a porous electrode. The electrodes were 
pressed to the membrane once the solution dried to produce an assembly that contains membrane and 
electrodes. Wilson[10,11], also of LANL, later invented methods for fabricating  repeatable  thin-
film  electrodes  bonded  to  the proton-exchange membrane to generate a membrane electrode
assembly (MEA). Combining Raistrick’s and Wilson’s techniques made it possible to dramatically 
lower the required precious-metal catalyst loadings by a factor of over 20 while simultaneously 
improving performance. Another contribution also due to LANL is that by Gottesfeld who proposed to 
inject a small amount of oxygen-containing air into the fuel stream to oxidatively remove CO from the 
catalyst surface[12]. This technique enables the direct use of hydrogen-rich gas streams derived from 
hydrocarbon fuels (such as gasolines, methanol, or natural gases) for PEM fuel cells. Recently, the 
concept of porous media flow fields was introduced to improve reactant supply and byproduct removal 
and fuel cell design[13,14]. In2017, Toyota launched its first commercial fuel cell vehicle,Mirai, at a 
price less than $59,000 with a total Pt loading of 0.365 mg/cm2(anode loading of 0.05 mg/cm2 and 
cathode of 0.315 mg/cm2). The Toyota Mirai fuel cells adopt a carbon-coated Titanium-based porous
flow field in the cathode. Though many technical and fundamental breakthroughs have been achieved 
during the last couple of decades, several challenges such as reducing cost and improving durability 
remain prior to the world-wide deployment of PEM fuel cells.
1.3.Metal-air batteries
The energy sources as for powering EVs require both high specific energy and high specific power. 
The feature of high specific energy is favorable for long driving range, while the high specific power is 
desirable for high acceleration rate and hill climbing capability.[15] The development of electric 
vehicles will decrease the dependency on fossil fuels and increase the deployment of renewable energy 
resources. Lead acid batteries are commonly used battery for electric vehicles propulsion in the 90s, but 
its applications are limited by relatively low energy density.[16] Other advanced battery systems such 
as nickel (Ni)-cadmium (Cd), nickel-metal hybrid, lithium-polymer, sodium sulfur, and sodium (Na)-
metal chloride batteries are also being actively pursued for vehicle propulsion applications. Most of 
today’s EVs, especially cars, are moving toward using lithium-ion batteries for propulsion. However, 
lithium-ion batteries powered EVs have a driving range limited to 160 kilometers on a single charge 
and the batteries account for nearly 65% of the total cost. It is known that the theoretical energy density 
of gasoline is 13,000 Wh kg−1 and the energy density of lithium-ion batteries is around 100–200 Wh 
kg−1. Considering the energy conversion efficiency of tank-to-wheel of the fleet is 12.6%; therefore, the 
practical energy density of gasoline is 1700 Wh kg−1, which is still much higher than that of lithium-
ion batteries. Therefore, novel energy systems with higher energy densities are prominently desired.
Metal-air batteries such as lithium-air, zinc-air, magnesium-air, and aluminum-air batteries are 
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promising for future generations of EVs because they use oxygen from the air as one of the battery’s 
main reactants, reducing the weight of the battery and freeing up more space devoted to energy storage. 
Among all these metal-air batteries, lithium-air battery shows the highest theoretical energy density, 
rivaling the gasoline engine (13000 Whkg−1). It has a much greater energy density than other 
rechargeable batteries, as shown in Figure 1-3. But, there are many challenges facing the design of 
rechargeable lithium-air batteries such as incomplete discharge as porous carbon cathode blocking by 
discharge products, unstable anode in atmospheric moisture, inadequate understanding of catalysts 
effect, low electrical efficiency due to higher charge overpotential than discharge overpotential, 
carbonate based electrolytes decompose during discharge and produce lithium alkyl-carbonates and 
Li2CO3, which severely affects the rechargeability and cycle life of lithium-air batteries etc. There are 
also challenges for secondary Zn-air batteries such as requirement of closely controlled zinc 
precipitation, zinc anode dendrite formation, non-uniform zinc dissolution and limited solubility in 
electrolytes, higher charge overpotential than discharge overpotential, and necessity of bi-functional air 
cathode to liberate oxygen from discharge reaction products.
1.4.Metal-CO2 batteries
The increasing concentration of greenhouse gas CO2 in the atmosphere has caused serious 
anthropogenic climate changes. Reducing the release of CO2 into the environment is urgently needed. 
However, energy is an important foundation for economic and social development. Capturing and 
converting CO2 into a fuel has opened up the possibility of creating CO2 emission reduction systems. 
In the past several years, both photochemical and electrochemical conversion of CO2 have thus been 
globally investigated. In this regard, as for CO2, in spite of its low concentration in ambient air (400 
Figure 1-3 Theoretical and practical energy densities of batteries [17]
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ppm), its solubility is 50 times larger than O2 in organic solvents,[18] and CO2 can react with the active 
intermediate species O2
•– or the discharge products to form metal carbonates.[19] To develop actual 
metal–air batteries, it is critical to understand the potential impact of CO2 contamination on metal–O2 
batteries, and generally a mixture of O2/CO2 has been utilized as the reactant gas.[20–24] More 
interestingly, it has been proved that CO2 itself can be utilized as the reactant gas, i.e., metal–CO2 
batteries.[25–28] The utilization of CO2 in electrochemical energy storage devices provides a promising 
“clean” strategy for reducing fossil fuel consumption and consequently, lessening global warming. In 
addition, metal–CO2 batteries are potential energy sources for scientific exploration and future 
immigration to Mars, for the air there contains 95% of CO2. However, although Metal-CO2 batteries 
based on organic electrolytes directly convert CO2 feed into a solid product (e.g., Li2CO3, Na2CO3, or 
Al2(CO3)2), the products accumulate on the electrode surface to decrease the electrode electrochemical 
activity and hence create a limited discharge capacity (Figure 1-4). In addition, during the charge 
process, these solid products regenerate CO2 gas, leading to inefficient storage of CO2 feedstock. 
Therefore, there is a need to develop an advanced electrochemical device that can substantially reduce 
the concentration of carbon dioxide in the atmosphere with generating energy.
1.5 Electrochemical reaction in devices
1.5.1. The Sabatier principle and volcano plots
Since the early part of the 20th century, the Sabatier principle has provided a conceptual framework for 
our thinking about the optimum catalyst. The Sabatier principle is a dominating phenomena and rule in 
chemical or electrochemical catalysis. The idea is that the best catalysts should bind atoms and 
molecules with an intermediate strength: not too weakly in order to be able to activate the reactants, and 
not too strongly to be able to desorb the products. This important law in catalysis is found and named 
after the French chemist Paul Sabatier (Figure 1-5). In the 1920s, Sabatier studied the hydrogenation 
reaction using nickel element. At this time, he discovered that nickel had excellent activity because it 
Figure 1-4 Scheme of Conventional Metal-CO2 batteries
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could easily form intermediate hydrides during hydrogenation reactions, which is regenerated toward 
the free metal. From the research, he suggested that the adsorption energy must be adequate for an 
efficient catalyst.
From the Sabatier principle, a volcano plot could be obtained by plotting the activity index against the 
interaction force between catalyst and the reaction intermediates. This leads to a volcano-type 
relationship between activity and bond strength as illustrated in Figure 1-6. This picture has been very 
successful in providing a general qualitative understanding of why there might be an optimum catalyst. 
In the field of electrochemistry, activity of electrocatalyst is normally evaluated by the exchange current 
density, the overpotential at a specific current density, or the current density at a specific overpotential. 
Additionally, the interaction force can be evaluated as the adsorption energy. For each electro-process, 
there are various types of intermediate for whole electrochemical reactions. Therefore, the studies for 
detailed electrochemical mechanism with considering the Sabatier principle are needed.
1.5.2. Oxygen reduction reaction
In either proton exchange membrane fuel cells (PEMFCs) or Metal-air batteries (MAB), oxygen 
reduction reaction (ORR) is one of the important electrochemical process for efficiently operating whole 
devices. The ORR process has different mechanisms in acid and basic electrolytes, where multiple 
electron transfer is involved. The ORR process can be summarized in the following equations.
In acidic condition:
(4 electron pathway) O2 + 4H+ + 4e- → 2H2O
Figure 1-5 Paul Sabatier, reproduced from Wikipedia under the terms of the CC BY-SA 3.0.
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(2 electron pathway 1) O2 + 2H+ + 2e- → H2O2
(2 electron pathway 2) H2O2 + 2H
+ + 2e- → 2H2O
In alkaline condition:
(4 electron pathway) O2 + H2O + 4e- → 4OH-
(2 electron pathway 1) O2 + H2O + 2e
- → HO2- + OH
-
(2 electron pathway 2) HO2- + H2O + 2e
- → 3OH-
Noteworthily, regardless the type of the electrolyte, there are only two pathways. One is the 4e- transfer 
process to form either H2O in acid electrolyte or OH- in basic electrolyte, and the other is the two-step-
2e--transfer pathway, where the first 2e- reduction occurs to generate H2O2 or HO2-, following by the 
further reduction to H2O or OH- with another 2e- transferred. It is desirable to adopt the direct 4e- transfer 
pathway to achieve the maximal energy conversion efficiency.
For oxygen reduction activities of electrocatalyst, the volcano plot from Sabatier principle should be 
considered. The free energies of all the intermediate reactions have been calculated on a variety of close-
packed metal surfaces, and a volcano plot was constructed relating the theoretical ORR activity and 
DEO, in which Pt located at the top (Figure 1-7a), indicating an efficient catalyst for catalyzing ORR. 
For metals that bind oxygen too strongly, the activity is limited by proton electron transfer to O* or 
OH*. In the contrary, for metals that bind oxygen too weakly, the activity is limited by proton electron 
transfer to O2* or splitting of the O-O bond. Actually, there is no single polycrystalline metal catalyzes 
the ORR as effectively as Pt. However, the high cost and rather low durability hinder the potential 
Figure 1-6 Schematic representation of the qualitative Sabatier principle.
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applications of Pt catalysts in metal-air batteries. Currently, three approaches are being pursed in order 
to reduce the costs for ORR: (i) reduction of the Pt-loading, (ii) development of non-noble metal 
catalysts and (iii) synthesis of metal-free catalysts. The reduction of Pt loading can be achieved by 
utilizing a support on which small Pt nanoparticles are deposited with a high dispersion, by alloying Pt 
with other metals, or by developing novel Pt structures. However, for commercialization of the 
electrocatalyst, these strategies cannot completely resolve with only reduction of the amount of Pt-
loading. Thus, in order to realize the electrochemical devices for future commercialization, a long-term 
strategy should be dedicated to focusing the second and third approaches, especially metal-free
electrocatalysts.
1.5.3. Oxygen evolution reaction
Oxygen evolution reaction (OER) is another key electrochemical reaction for the electrochemical 
devices including MAB and electricity-driven water splitting to produces hydrogen. However, due to 
the sluggish reaction kinetics of the four-electron transfer process, OER is actually the major bottleneck 
for improving the water splitting efficiency. OER is a complex multistep reaction involving with the O-
H bond breaking and the O-O bond formation. Simply, the OER process is opposite reaction of ORR 
process. The general mechanism for OER can be described in the following equations.
In acidic electrolyte:
* + H2O → *OH + H+ + e-
* + H2O → *O + H+ + e-
*O + H2O → *OOH + H+ + e-
*OOH → *O2 + H+ + e-
*O2 → * + O2
In alkaline electrolyte:
* + OH- → *OH + e-
*OH- + OH- → H2O + *O + e-
*OOH + OH- → *O2 + e-
*OOH + OH- → *O2 + e-
*O2 → * + O2
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Like ORR, the appropriate binding energies of the oxygenated intermediates is favorable for OER, and 
the OER activity versus binding energy exhibited a volcano-shaped relationship as well (Figure 1-7).
Though the remarkable electrocatalyst for oxygen reduction process has been variously investigated 
such as heteroatoms doped carbon catalyst, low amount of noble metal catalyst, and single-atom doped 
catalyst, the OER properties are not as good as those of commercial OER electrocatalysts such as Ir on 
carbon, IrO2 or RuO2. By employing DGO - DGOH as the descriptor, experimental overpotentials at 1
mA cm-2 cat are seen to follow well with the theoretical overpotential volcano constructed from a variety 
of metal oxide surfaces, as shown in Figure 1-7b. However, it is far from an ideal OER catalyst in terms 
of activity and is not completely stable under high oxidative potentials. Together, theoretical and 
experimental mechanistic studies will continue helping to design more advanced catalysts for electrical 
devices.
1.5.4. Hydrogen evolution reaction
Hydrogen (H2) is regarded as a clean and high gravimetric density energy source to replace traditional 
fossil fuels. The hydrogen evolution reaction (HER) in electrochemical water splitting is one of the 
promising ways to economically produce high-purity hydrogen. Compared to ORR and OER process, 
the HER is a classic two-electron transfer reaction, plus its simple product and its paramount role in 
electrocatalysis, hence HER can serve a model to study the structure/function relationship of the
electrocatalyst. The HER can follow either the Volmer- Heyrovsky or the Volmer-Tafel mechanism, as 
illustrated in Equations (Figure 1-8).
Figure 1-7 (a) ORR volcano plots for metals catalysts; (b) OER volcano plots for generally 
used metal oxides. Reproduced with permission. Copyright 2017, American Association for 
the Advancement of Science.
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Volmer-Heyrovsky mechanism:
The intermediate electrochemical hydrogen adsorption in acidic electrolyte:
H3O+ + * + e- → H* + H2O
In alkaline electrolyte:
H2O + * + e- → H* + OH-
The electrochemical/chemical desorption of H2:
H* + H3O + e- → H2 + H2O
Both the Volmer-Heyrovsky and the Volmer-Tafel pathways include two processes: intermediate 
electrochemical hydrogen adsorption and electrochemical/chemical desorption of H2, and the difference 
between these two lies in the second step. The Tafel reaction is as follows:
H* + H* → H2
Using the Sabatier principle, in HER field, a volcano plot could be also obtained by plotting the activity 
index against the interaction force between catalyst and the reaction intermediates (Figure 1-9). The 
first volcano plot for HER was constructed by Trasatti, as shown in Figure 1-9 and he used the energy 
Figure 1-8 The illustration of the mechanism of the hydrogen evolution reaction on the surface 
of an electrode in acidic and alkaline solutions. Reprinted with permission. Copyright 2020, 
Royal Society of chemistry
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of hydride formation instead of the adsorption energy to evaluate adsorption due to the unavailability 
of neither experimental nor theoretical data for the hydrogen adsorption energy (ΔG°H) at that time.
Currently, the state-of-the-art electrocatalyst for hydrogen production is composed of platinum (Pt)-
based catalysts and it has several drawbacks such as high-cost, limited reserves, and poor 
electrochemical stability. Even though non-noble metal materials have been widely explored as 
enhanced catalysts for hydrogen production, the greatest challenge for the use of non-noble metal 
materials so far is that their HER activities still underperform Pt-based catalysts and they are susceptible 
to debase stability in a wide pH range. In view of the inevitable local pH change of the electrolyte near 
the electrode surface during the prolonged electrolysis process, the ideal catalyst should perform equally 
well in different pH conditions for energy-efficient water splitting. Though there has been some progress 
in recent years, the development of cost-effective catalysts with long-term stability and pH tolerance 
still remains challenging. Consequently, in order to reach a faster eco-friendly energy society, it is 
necessary to design an electrochemical catalyst efficiently with proper electrochemical devices.
1.6 Thesis structure
The structure of this thesis work is briefly outlined as follows:
Chapter 1 introduces the background of energy problems over the earth and the trend of direction of 
recent research.
Chapter 2 presents the electrocatalyst for oxygen reduction reaction for utilization of oxygen in air via
polymer electrolyte membrane fuel cell (PEMFC).
Chapter 3 shows the bifunctional electrocatalyst for oxygen reduction and oxygen evolution reaction as 
alternative electrode for next generation batteries in Li-air and Zn-air battery.
Figure 1-9 The first volcano plot for HER reported by Trasatti. Reproduced with permission. 
Copyright 1972. Published by Elsevier B.V.
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Chapter 4 presents the rationally engineered electrochemical device for utilization of carbon dioxide 
denoted as hybrid Na-CO2 system.
Chapter 5 shows the developed Metal (Zn & Al)-CO2 system with indirect utilization of carbon dioxide 
for large scale of hydrogen (H2) production.
Chapter 6 describes the membrane-free Mg-CO2 system with production of hydrogen as well as 
electricity in quasi-neutral operating condition.
Chapter 7 presents the in-operando ammonia (NH3) electrolysis protocol and Pt-based electrodes for 
commercialization compared to water-splitting. 
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Chapter  2 A New Strategy for Outstanding Performance and Durability 
in Acidic Fuel Cells: A Small Amount Pt Anchored on Fe,N co-Doped 
Graphene Nanoplatelets
This chapter has been published and has been cited in the thesis by co-author C. Kim.
Reproduced with permission from J. Kim, C. Kim, I.-Y. Jeon, J.-B. Baek, Y.-W. Ju, G. Kim, 
ChemElectroChem 2018, 5, 2857.
2.1. Introduction
Proton exchange membrane fuel cells (PEMFCs) are promising candidates for an alternative energy 
conversion system with low pollution, high power efficiency, and stable power generation at the low 
operating temperatures (55-95 oC).[1] Conventional electrode catalysts for PEMFCs are based on 
platinum (Pt) and Pt-alloy nanoparticles supported on carbon-based materials due to their excellent 
activity in cathodic oxygen reduction reaction (ORR) and anodic hydrogen oxidation reaction 
(HOR).[2,3] The major bottleneck of PEMFCs is related to the kinetically sluggish cathodic ORR rather 
than the anodic HOR.[4,5] Accordingly, use of Pt catalyst on the cathode is inevitable for the efficient 
electrochemical performance of PEMFCs. However, there are two major problems for using Pt catalysts 
in PEMFCs: (i) The high cost of Pt-based catalysts contributed over 55 % of the total cost [6,7] (ii) A 
poor durability from a self-agglomeration and a dissolution from the carbon substrate during long 
operation.[8–10]
To achieve both low cost and high durability, alternative electrochemical active substrates have been 
extensively investigated such as oxide-based, carbon nanotube, and graphene-like.[11–16] Among them, 
graphene is regarded as a promising supporting substrate for the precious metal catalysts because of its 
unique electrical and structural properties, such as high surface area (2,630 m2 g-1), tremendous 
electron mobility (~200,000 cm2 V-1 s-1), good chemical and electrochemical stability.[17] Despite 
these advantages, the catalysts based on graphene substrate possess insufficient electrochemical activity 
toward the ORR when they compare with that of commercial Pt/C so that these need to be further 
developed for acidic PEM fuel cells.[18] In order to enhance the electrochemical activity and durability 
of the catalysts on the graphene, the heteroatom-modified (e.g., nitrogen, sulfur, or iodine, etc.) 
graphene structures have been suggested as promising catalyst supports.[19–22] Among them, nitrogen-
doped graphene has a beneficial interaction between nitrogen atoms and Pt-catalysts, thereby resulting 
in enhancing catalytic activity and stability.[23] Recently, several research groups have reported that 
transition metal (Fe, Co) substitution in the nitrogen-doped carbon-based material (M-N-C) could 
improve ORR activities.[24,25] In electrocatalysts with M-N-C functionalized group, two crucial 
factors govern the better performance of ORR, i.e., (i) the elemental composition and the interaction 
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between different components, which determine the intrinsic nature of active site; and (ii) interplanar 
spacing of the neighboring graphene sheets allowing both sides of each graphene sheet to be accessible 
to the ORR-relevant species (H+, O2, H2O).[24,26]
In these regards, we designed a new catalyst by anchoring low amount of Pt on the substrate of iron 
(Fe) and nitrogen (N) co-doped graphene nanoplatelets (FeN-GnPs). Fe-N-C functional groups in the 
graphene network offering the additional catalytic active sites for ORR can lower the amount of Pt 
while maintaining ORR performances. Moreover, an anchoring of nanoscale Pt on the FeN-GnPs 
induces much higher durability contributed by nitrogen atoms in the graphene crystals and provides 
favorable binding interaction with Pt.[17,27] To better understand the interaction between Pt 
nanoparticles and FeN-GnPs, the specific interaction related to Pt-N interaction was identified by X-
ray photoemission spectroscopy (XPS). This interaction could prevent the agglomeration of Pt and 
disperse Pt in nanoscale on the graphene sheets, resulting in both excellent durability and enhanced 
ORR activity. With these favorable properties, nanoscale Pt anchored on Fe and N co-doped graphene 
nanoplatelets (Pt/FeN-GnPs) exhibits excellent electrochemical activities toward ORR, remarkable cell 
performance, and high durability for acidic PEM fuel cells.
2.2.Experimental
2.2.1. Preparation of Pt/FeN-GnPs composite
FeN-GnPs was synthesized by the ball-milling process using the pristine graphite flake in the ball-mill 
machine (Pulverisette 6, Fritsch) in the presence of nitrogen (N2). The stainless steel balls (500.0 g, 
diameter 5 mm) and the pristine graphite (5.0 g, Alfa Aesar, natural graphite, 100 mesh (< 150 μm), 
99.9995% metals basis, Lot#14735) were put into a stainless steel ball-mill capsule (500 mL). After 
five charging-discharging cycles with N2, the capsule was sealed and fully charged with N2 (8 bar of 
cylinder pressure). It was placed on the planetary ball-mill instrument and operated at 500 rpm for 48 
h. The product was Soxhlet extracted with methanol and 1 M aq. HCl solution to get rid of impurities. 
The final product (FeN-GnPs) was freeze-dried at -120 oC under reduced pressure (0.05 mmHg) for 
48h. The source of iron (Fe) is the ball-mill capsules and stainless steel balls.[25] In sequence, FeN-
GnPs of 550 mg and H2PtCl6 of 623.4 mg (5.0 g, Alfa Aesar, 99.9 % metals basis) were mixed in 
aqueous solution with ultrasonication at pH=10 adjusted by ammonia. And then, an excessive NaBH4 
aqueous solution with a concentration of 2 mg mL-1 was slowly added and stirred for 12h under the 
room temperature. The solution was filtered via vacuum filtration using Buchner funnel and further 
washed with distilled water.
2.2.2. Characterization of electrochemical measurements
Transmission electron microscopy (TEM) images were obtained using a high-resolution TEM (JEOL, 
JEM-2100F). Thermogravimetric analysis (TGA) was conducted from 100 to 800 oC using an SDT-
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Q600 (TA instrument, USA) with a heating/cooling rate of 2 oC min-1 in the air. The phase 
identification of Pt/FeN-GnPs was confirmed by X-ray powder diffraction (XRD) (Rruker 
diffractometer, Cu Kα radiation) with a scanning rate of 1 o min-1 in the 2   range of 20 to 60 o. XRD 
was employed to verify the graphene phase and existence of platinum in Pt/FeN-GnPs. 
RRDE test was carried out using a computer controlled potentiostat (Biologic VMP3) with a typical 
three-electrodes cell. In the RRDE test, a carbon electrode was used as a counter electrode and Ag/AgCl 
(1 M NaOH filled) electrode was used as a reference electrode in the acidic media 0.1 M HClO4. The 
system was saturated by continuous purging with pure oxygen gas (99.995% purity) before each 
measurement for 20 min. Each sample was stabilized by running cyclic voltammetry (CV) scans 
between 0.2 V and 1.1 V vs. RHE at a scan rate of 20 mV s-1 until reproducible CV polarization curves 
were observed. In succession, polarization curves were measured at a scan rate of 10 mV s-1. For the 
hydrogen underpotential deposition (Hupd), we performed cyclic voltammetry at 50 mV s-1 in N2 
saturated electrolyte. The working electrodes were prepared by applying each of the catalyst inks onto 
a pre-polished glassy carbon disk electrode. Preparing the catalyst ink was first dispersed in an 
ethanol/isopropyl alcohol solution (10 mg mL-1) and a Nafion (25 wt. %) stock solution (10 μL) in 
ethanol was added to the catalyst ink by bath sonication. A total of 5μL of well-dispersed catalyst ink 
was applied onto the pre-polished glassy carbon (GC) disk electrode (5 mm in diameter). The prepared 
electrodes were fully dried at room temperature before the electrochemical tests.
2.2.3. Polymer electrolyte membrane fuel cell tests
For the MEA fabrication, the gas diffusion layers (GDLs) for anode and cathode were prepared with 
Freudenberg H23C8 carbon paper (FuelCellsEtc). For the FeN-GnPs based cathodes, the loading 
density of the catalyst was 1.5 mg cm-2 and binder was 1 mg cm-2. For the Pt/FeN-GnPs based cathodes, 
the loading density of the catalyst was 0.23 mgPt cm-2 and binder was 1 mg cm-2. For the 40 wt. % Pt/C 
(5.0 g, nominally 40 % on carbon black, Alfa Aesar) based cathodes, the loading density of Pt/C was 
0.4 mgPt cm-2 and binder was 1 mg cm-2. The anode was Pt/C (40 wt. %) with an excessive Pt loading 
of 0.4 mgpt cm-2 to ensure sufficient proton supply from the anode. A pair of cathode and anode was hot 
pressed onto two sides of a Nafion NRE-212 membrane (0.05 mm thick, Alfa Aesar) at 130 oC for 2.5 
min firstly, then under pressure 1 MPa for 2.5 min. The membrane electrode assembly (MEA) thus 
produced was tested in a 1 cm2 PEM fuel cell at 80 oC and the humidified H2 (60 mL min-1) and O2 (100 
mL min-1) were used as anode and cathode fuels, respectively.
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2.3.Result and discussion
2.3.1. Characterization of Pt/FeN-GnPs catalyst
Iron (Fe) and nitrogen (N) co-doped graphene nanoplatelets (FeN-GnPs) were synthesized by the ball-
milling process.[28-30] The transmission electron microscopy (TEM) image shows the morphology of 
FeN-GnPs after the ball-milling process (Figure 2-1a) and energy dispersive X-ray spectroscopy (EDS) 
shows the elements of Fe and N atoms in FeN-GnPs (Figure 2-1b). In Figure 2-1c, nitrogen atoms in 
the Pt/FeN-GnPs could hold Pt particles, resulting in well-dispersed Pt nanoparticles over the graphene 
sheet. It has been demonstrated that nitrogen-doped carbon substrates can increase the activity and 
stability of Pt catalyst.[31,32] EDS images (Figure 2-1d) shows the elements of Pt, Fe, N, and C in the 
Figure 2-1 TEM images of (a) FeN-GnPs and (c) Pt/FeN-GnPs. Elemental mapping by EDS 
for (b) FeN-GnPs and (d) Pt/FeN-GnPs.
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Pt/FeN-GnPs in Figure 2-1c. The EDS results also confirm that Pt particles are uniformly distributed 
over the FeN-GnPs (Figure 2-1d).
XRD patterns of Pt/FeN-GnPs and FeN-GnPs are shown in Figure 2-2a. The facet C (002) at 2q of 20-
30 o in the XRD patterns of FeN-GnPs and Pt/FeN-GnPs indicates graphite plane. Face-centered cubic 
(fcc) crystalline platinum is measured as Pt (111) and Pt (200) facets along with the graphitic carbon 
peak in the XRD patterns of Pt/FeN-GnPs. The mean particle sized can be calculated through XRD 






Where    ̅   is the average particle size (nm),    is the wavelength of X-ray (0.154 nm),   is the 
angle at the peak maximum, and   
  
is the width (radians) of the peak at half height. The calculated 
average particle size is found to be 4.29 nm for Pt/FeN-GnPs, which is suitable Pt particles size for 
favorable ORR though the little bit larger size compared to that of commercial Pt/C (2.7 nm).[33,34] 
As shown in Figure 2-2b, the weight loss of Pt/FeN-GnPs and FeN-GnPs is investigated by TGA from 
room temperature to 800 oC in the air. There is a significant drop in mass at 300~600 oC, indicating the 
evolution of CO and CO2 from carbon in graphene sheets. After combustion, the difference of values 
between Pt/FeN-GnPs and FeN-GnPs could be assigned as loading amount of platinum catalyst in 
Figure 2-2 (a) X-ray diffraction (XRD) patterns of Pt/FeN-GnPs, Pt/C, and FeN-GnPs. (b) 
Thermogravimetric analysis (TGA) of Pt/FeN-GnPs and FeN-GnPs.
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Pt/FeN-GnPs (23.4 wt.%). Moreover, the weight ratio of Pt and each element in FeN-GnPs and Pt/FeN-
GnPs were quantified from the EDS in Table 2-1.
Table2-1. Element weight ratio (wt. %) of the catalysts from EDS
Pt C N Fe O
FeN-GnPs - 80.61 2.88 10.98 5.53
Pt/FeN-GnPs 20.7 65.6 2.7 5.3 5.8
2.3.2. Electrochemical properties for oxygen reduction reaction
The oxygen reduction activities of commercial 40 wt.% Pt/C and Pt/FeN-GnPs were investigated by 
cyclic voltammograms (CVs) and rotating disk electrode (RDE) experiments in O2 or N2-saturated 0.1 
M HClO4. Figure 2-3a shows the polarization curves of Pt/FeN-GnPs by CVs in O2 or N2-saturated 0.1 
M HClO4 at the scan rate of 0.01 V s-1 from 0.25 V to 1.15 V (vs. RHE). As shown in Figure 2-3a, 
Pt/FeN-GnPs catalyst cannot show any redox peak over a potential range from 0.25 V to 1.15 V in the 
N2-saturated solution. In contrast, Pt/FeN-GnPs catalyst exhibited ORR peak with an onset and peak 
potentials at 0.9 V and 0.8 V, respectively, in the O2-saturated solution. To gain further insight into the 
ORR electrochemical properties, we performed RDE experiment at a rotation rate of 1600 rpm and a 
scan rate of 0.01 V s-1 (Figure 2-3b). Although FeN-GnPs showed poor ORR catalytic activities 
compared to Pt-based catalysts (Pt/C and Pt/FeN-GnPs), the onset potential for oxygen reduction of 
Pt/FeN-GnPs is +0.87 V, which is slightly higher than commercial Pt/C (+0.8 V). Furthermore, the 
limiting current of Pt/FeN-GnPs is even larger than that of the commercial Pt/C at the high overpotential 
area. The high catalytic activity of Pt/FeN-GnPs can be attributed to the apparently synergistic effect of
Fe, N co-doped carbon substrate and the high activated Pt with the suitable size for ORR.[33,34] Hence, 
the Pt/FeN-GnPs (23.4 wt. %) presented better ORR activities with even lower amounts of Pt catalysts 
than the commercial Pt/C (40 wt. %). The polarization curves of Pt/FeN-GnPs are shown in Figure 2-
3c at different rotation rates from 100 rpm to 2500 rpm. According to the Koutecky-Levich equation as 
below,
1/i = 1/ik + 1/(B ω0.5)     (2-2)
Where i is the observed total current density, ik is the kinetically limited current density, ω is the rotation 
speed of the electrode, and B is the Levich slope, we can obtain four J-1-ω-1/2 lines (Figure 2-3d). The 
Levich slope B is given by the equation 2-3.
B = 0.62•n•F•[O2]•D2/3O2 • v-1/6   (2-3)
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Where n is the number of electrons transferred during the ORR, F is the Faraday constant (F= 96,485 
C), D is the diffusion coefficient of O2 in the 0.1 M HClO4 electrolyte (D=1.93 × 10-5 cm2 s-1), C is the 
bulk concentration of O2 (C=1.26 ×10-3 mol L-1), and v is the kinetic viscosity of the electrolyte of 0.1 
M HClO4 (v= 1.009 × 10-2 cm2 s-1).[35] Using the equation (2), we can calculate the electron transfer 
number n from the slope of each line as 3.98 and 3.925 at 0.35 V and 0.3 V, respectively. These results 
revealed that the oxygen reduction on Pt/FeN-GnPs catalyst followed almost four electrons transfer 
pathway. Moreover, we investigated the stability of the Pt/FeN-GnPs and Pt/C by cyclic 
Figure 2-3 (a) Cyclic voltammograms of Pt/FeN-GnPs in O2- or N2-saturated 0.1 M HClO4. (b) 
Linear sweep voltammetry (LSV) curves for ORR polarization curves of Pt/C, FeN-GnPs, and 
Pt/FeN-GnPs by RDE in O2-saturated 0.1 M HClO4. (c) RDE voltammograms for Pt/FeN-GnPs 
in 0.1 M HClO4 saturated with O2. (d) Koutecky-Levich plots obtained from the RDE results. 
CVs of (e) Pt/C and (f) Pt/FeN-GnPs in N2-saturated 0.1 M HClO4 for the 1st and 1000th cycles.
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voltammograms in O2-saturated 0.1 M HClO4 at a scan rate of 50 mV s
-1. The electrochemical surface 
area (ECSA) was calculated by measuring the Coulombic charge for hydrogen desorption in the range 
of 0.05 V to 0.4 V vs. RHE.[36] The specific values of the ECSA of Pt/FeN-GnPs and commercial Pt/C 
based on the mass of Pt were 74.2 and 76.7 m2 g-1, respectively, before durability test. The ECSA of the 
commercial Pt/C significantly decreased by 39 % compared to 1 cycle after 1000 continuous cycles 
between 0 V and 1.5 V vs. RHE (Figure 2-3e). Interestingly, Pt/FeN-GnPs maintained high 
electrochemical catalytic activity even after 1000 continuous cycles with 92.9 % activities (Figure 2-
3f). The interaction between nitrogen atoms and Pt particles in Pt/FeN-GnPs prevented the 
agglomeration of Pt particles and led to the excellent durability in acidic media.[21,29,37] These results 
reveal that the Pt/FeN-GnPs is a highly promising electrocatalyst in acidic media due to its excellent 
ORR activity, stability, and cost-effectiveness compared to the commercial Pt/C catalyst
2.3.3. Structural analysis between before and after operation for ORR
TEM images of Pt/FeN-GnPs and Pt/C catalysts are shown in Figure 2-4. Figure 2-4a shows TEM 
images of Pt/FeN-GnPs before cycle test in O2 saturated 0.1 M HClO4 by CVs. The platinum particles 
of Pt/FeN-GnPs (Figure 2-4a) are uniformly dispersed on the FeN-GnPs and the mean platinum particle 
shows the diameter of 4.64 nm corresponding to XRD analysis (inset of Figure 2-4a). After continuous 
10000 cycles by CVs in acidic media, the morphology of Pt/FeN-GnPs (Figure 2-4b) shows slight 
changes in platinum particles size of 7.03 nm and FeN-GnPs substrate. However, from the Pt/C, there 
Figure 2-4 TEM images of Pt/FeN-GnPs (a) before and (b) after cycles in O2 saturated 0.1 M 
HClO4 by CVs. TEM images of commercial Pt/C (c) before and (d) after cycles in O2 saturated 
0.1 M HClO4 by CVs.
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is obvious changes in morphology and Pt particles size from the significant agglomeration after cycle 
test from 3.09 nm to 8.02 nm (Figure 2-4c and 2-4d).[18,38] These results also show that FeN-GnPs 
substrate improves the durability of the Pt catalysts due to the interaction between Pt particles and 
nitrogen atoms in FeN-GnPs substrate.[39]
2.3.4. Electric configuration of targe catalyst
To further investigate the iron and nitrogen doping effects in Pt/FeN-GnPs, X-ray photoelectron 
spectroscopy (XPS) measurements were carried out. There are signals of Pt, Fe, N, O and C elements 
(Figure 2-5a). The high-resolution C1s XPS spectrum of Pt/FeN-GnPs sample (Figure 2-5b) shows a 
main peak at 284.6 eV corresponding to the graphite-like sp2 C. The sp2-hybridized carbon in graphitic 
layers could provide facile electron pathway enhancing the catalytic activity of platinum.[7] The two 
weak peaks observed at 286.1 eV and 288.0 eV reflect the presence of carbon-nitrogen bonds, indicating 
sp2 C-N and sp3 C-N bonds, respectively.[40,41] These two peaks indicate substitution of the nitrogen 
atoms, defects or the edge of the graphene sheets.[42,43] The Fe 2p XPS spectra of Pt/FeN-GnPs is 
shown in Figure 2-5c. The photoelectron peaks at 727.5 eV correspond to the binding energy of 2p1/2 
of Fe3+ and Fe2+ ion, and the peak at 724.5 eV is attributed to the binding energies of 2p1/2 of Fe2+ ion. 
The peaks at 712.2 eV and 710.3 eV are assigned to the binding energies of 2p3/2 of Fe3+ ion and Fe2+
ion, respectively.[44] These characterizations confirmed that the iron atoms had been successfully 
substituted at the edge of GnPs by the ball-milling process. The successful substitution of Fe-N-C 
functional group gives catalytic active sites of interplanar spacing in graphene sheets, resulting in the 
high catalytic activity of Pt/FeN-GnPs with low contents of Pt catalysts. Regarding the Pt 4f region 
(Figure 2-5d), the spectra contain Pt 4f7/2 and 4f5/2 states from the spin-orbital splitting. Each peak is 
deconvoluted into three different oxidation states of Pt (Pt0, Pt2+, and Pt4+). The peaks of Pt2+ 4f5/2 and
4f7/2 in Pt/FeN-GnPs sample could be interpreted as an evidence of the Pt-N interaction.[45] The 
resolution N1s spectrum of FeN-GnPs (Figure 2-5e) and Pt/FeN-GnPs (Figure 2-5f) has been 
deconvoluted into four peaks as pyridinic N, pyrrolic N, graphitic N and oxidized N. Pyridinic and 
pyrrolic N 1s XPS spectra are observed from both FeN-GnPs and Pt/FeN-GnPs. These two nitrogen 
edge sites have a high ORR activity by itself and can also provide interaction with the Pt particles in 
the Pt/FeN-GnPs substrate, reducing aggregation of the Pt particles.[46] In the case of the N1s spectra 
in Pt/FeN-GnPs sample (Figure 2-5f), an additional peak at 397.9 eV confirmed the Pt-N interaction in 
Pt/FeN-GnPs. This new Pt-N interaction helps to synthesize the Pt nanoparticles on the FeN-GnPs and 
have excellent stability without degradation during ORR.
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Figure 2-5 (a) XPS survey scan spectrum of FeN-GnPs and Pt/FeN-GnPs. XPS images of (b) C 
1s, (c) Fe 2p, (d) Pt 4f, N 1s for (e) FeN-GnPs and (f) Pt/FeN-GnPs.
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2.3.5. Electrochemical performances in an acidic PEM fuel cell
The electrochemical performances of Pt/C, FeN-GnPs, and Pt/FeN-GnPs catalyst were evaluated in an 
acidic PEM fuel cell with Nafion electrolyte and humidified H2/O2 gas (gas pressure ratio: 
Anode/Cathode = 1/1.7). In Figure 2-6a, the maximum power density of Pt/FeN-GnPs catalyst was 0.7 
W cm-2, which is outperforming about 70% power density of Pt/C and 352 % power density of FeN-
GnPs. Even though the amount of Pt catalyst in Pt/FeN-GnPs is reduced by almost half, the performance 
of Pt/FeN-GnPs exhibits higher than 70 % than that of Pt/C. The single cell performances with Pt/C and 
Pt/FeN-GnPs per loaded Pt catalyst are shown in Figure 2-6b. Pt/FeN-GnPs exhibits maximum power 
density of 3.0 W mgpt
-1 and it even showed better performance than that of commercial Pt/C.
2.3.6. Stability measurements in an acidic PEM fuel cell
For long-term stability (Figure 2-7), the chronopotentiometry in single cell condition of Pt/FeN-GnPs 
displays a stable potential over 200 hours without degradation of cell voltage at the current density of 
0.5 A cm-2 whereas the degradation of Pt/C begins to appear after 100 hours. These results also 
demonstrate the synergistic catalytic effect of the Pt-N interaction and Fe-N-C functional group in 
accordance with the XPS analysis. The composite structure of Pt nanoparticles on the FeN-GnPs 
substrate not only prevents dissolution and agglomeration of Pt nanoparticles but also provides catalytic 
active sites toward ORR, contributing to the improvement in both stability and catalytic activity of the 
catalyst. The present study shows doping effects of Fe and N atoms and analyzes the specific 
interactions between Pt catalyst and FeN-GnPs substrate. Consequently, Pt/FeN-GnPs catalyst is an 
efficient ORR catalyst with comparable performance to benchmark Pt/C for acidic PEM fuel cells. 
Figure 2-6 (a) Comparison of single cell performances with the commercial 40 wt.% Pt/C, FeN-
GnPs, and Pt/FeN-GnPs as the cathode catalysts at a catalyst loading of 1 mg cm-2. Commercial 
0.4 mgpt cm
-2 Pt/C as anode; H2/O2 at 80 
oC (gas pressure ratio: Anode/Cathode = 1/1.7); Nafion 
112 membrane; 60/100 mL min-1 anode and cathode flow rates, respectively.
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2.4.Conclusions
In summary, we have fabricated nanoscale platinum anchored on iron and nitrogen co-doped graphene 
nanoplatelets (Pt/FeN-GnPs) for efficient electrocatalysts of acidic fuel cells. When nanoscale Pt is 
anchored with nitrogen in FeN-GnPs, it has much higher durability. Moreover, Fe-N-C functional 
groups in the graphene network offer the additional catalytic active sites for ORR, lowering the amount 
of Pt while maintaining ORR performances. The Pt-N interaction confirmed by XPS could help to 
disperse the Pt nanoparticles on the FeN-GnPs and provides an excellent stability without performance 
degradation. The acidic PEM fuel cells confirmed that Pt/FeN-GnPs possess the good electrochemical 
performance and higher durability than that of commercial Pt/C. This work reveals that the anchoring 
of Pt on Fe and N co-doped graphene sheets is excellent strategy to achieve high performance and 
durability for the acidic fuel cells
Figure 2-7 Stability of single cell performance with Pt/FeN-GnPs catalyst at constant current 
density of 0.5 A cm-2.
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Chapter  3 Synergistic Coupling Derived Cobalt Oxide with Nitrogenated 
Holey Two-Dimensional Matrix as an Efficient Bifunctional Catalyst for 
Metal-Air Batteries
This chapter has been published.
Reprinted with permission from ACS Nano 2019, 13, 5502–5512. Copyright 2021 American Chemical 
Society.
3.1. Introduction
Intensive energy demands have stimulated considerable interest in alternative energy conversion and 
storage systems with a low cost, environment-friendly processing, and a high energy density.1–4 The 
oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) are key processes in renewable-
energy devices, including fuel cells and metal-air batteries.5-8 Despite tremendous efforts, the sluggish 
ORR and OER processes remain the current bottleneck in the advancement of this technology.9-13 For 
efficient ORR and OER processes in alkaline media, noble metal catalysts such as Pt, iridium oxide 
(IrO2), and ruthenium oxide (RuO2) are commonly used owing to their excellent catalytic activities. 
Precious-metal-based catalysts, however, are not suitable for large-scale applications owing to their 
high cost, lack of bifunctional catalytic activity, and limited material options.14,15
Therefore, transition metal oxides have been considered as alternatives because of their promising 
catalytic, electrical, and electrochemical properties in alkaline solutions.16,17 Among the available metal 
oxides, the Co3O4 spinel catalyst has attracted considerable interest for designing structures with 
certainly exposed crystal planes and surface-sensitive electrochemical properties owing to various 
atomic configurations.18,19 Following the report by Han et al. on controlling the Co3O4 morphology of 
catalysts for the ORR and OER, the crystal-plane-dependent catalytic activities of Co3O4 nanostructures 
are well known to follow the order of NPs, nanotruncated octahedrons, and nanocubes, which is 
consistent with having more exposed planes in the order {111} > {112} > {110} > {100}.18,20 Therefore, 
uniformly controlled Co3O4 with a specific atomic arrangement, which contributes to its electrocatalytic 
activity and overall performance, deserves a great deal of attention for designing bifunctional catalysts.
However, Co3O4 nanoparticles alone are well known to have poor electrochemical activity; thus, many 
recent studies have been carried out on the synergistic or cooperative effects of nanoparticles grown on 
carbon-based supports on both the ORR and the OER in alkaline solutions.21-25 These effects could be 
expected if the Co3O4 nanoparticles are well dispersed on the carbon matrix. Recently, Mahmood et al.
fabricated an Fe@C2N catalyst, that is, Fe encapsulated by graphitic layers on a nitrogenated, porous 
two-dimensional (2D) structure (C2N matrix), via the in situ sandwiching of Fe3+ precursors in the C2N 
layer.26,27 The Fe@C2N catalyst showed favorable oxygen diffusion and electron tunneling with the 
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polar C2N matrices, and its ORR performance showed outstanding stability owing to the Fe nanoparticle 
cores protected by nitrogenated graphitic shells, rendering it a suitable cocatalyst.
Against this background, we rationally designed nanopolyhedron (NP) Co3O4 on an Fe@C2N structure 
(NP Co3O4/Fe@C2N) with excellent bifunctional activities toward both the ORR and the OER, which 
we grew via a hydrothermal process. The exposed planes of the Co3O4 phase on the Fe@C2N structure 
with NP morphology are well controlled to be (111) plane, which lead to superior bifunctional activities 
for the ORR and the OER in comparison with those of their counterpart catalysts with different exposed 
planes (e.g., the cubic and octahedral nanostructures of Co3O4). Furthermore, this is the report 
confirming the specific binding interaction between NP Co3O4 particles and the C2N framework 
generated by a hydrothermal process, as well as the synergistic coupling between the NP Co3O4 and the 
C2N framework, thus leading to a better electrochemical performance than those of Co3O4 or Fe@C2N 
alone. The NP Co3O4/Fe@C2N catalyst shows a comparable Tafel slope for both the ORR and the OER 
to that of commercial Pt/C and IrO2 catalysts, as well as excellent electrochemical stability caused by 
the binding interaction between the NP Co3O4 and the C2N framework. The NP Co3O4/Fe@C2N 
electrocatalyst shows an exceptionally high stability over 700 min and 30 h in Zn–air and hybrid Li-air 
batteries, respectively, as well as an even lower charge-discharge overpotential gap at 15 mA cm−2 in 
Zn–air batteries (0.85 V) than that of the Pt/C+IrO2 catalyst (1.01 V). Along with these favorable 
properties, we demonstrated that the NP Co3O4/Fe@C2N catalyst is a promising bifunctional catalyst 
for metal-air batteries, and the synergistic coupling of a metal oxide with the C2N framework represents 
an approach for developing advanced catalysts for energy conversion.
3.2.Experimental
3.2.1. Synthesis of Fe@C2N
The powder FeCl3 of 1.17 g was added in 35 mL NMP with an ice bath. Hexaketocyclohexane
octahydrate of 1.13 g was added in the solution, and then Hexaaminobenzene trihydrochloride of 1.0 g 
was added in nitrogen (N2) condition. The flask was maintained to ambient temperature for 120 minutes. 
The ice bath was taken the place of an oil bath and the flask was maintained to 175 °C with reflux 
during 8 hours. After finishing the refluxing, the solution was turned down the heat to 80 °C and sodium 
borohydride (NaBH4) powder was slowly added. The solution was maintained at reflux for 180 minutes. 
The solution was turned down the heat to room temperature and then distilled water was slowly added. 
PTFE (0.5 μm) membrane was used to collect the precipitated solid product by suction filtration. The 
black powder was extracted followed Soxhlet with distilled water (3 days) and methanol (3 days). After 
that, it was rapidly cooled down below -120 oC using freeze-dried method. After drying, the powder 
was annealed at 600 oC for 120 minutes in argon (Ar) condition. The final product was washed several 
times with 4 M HCl and distilled water.
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3.2.2. Synthesis of NP Co3O4/Fe@C2N
Fe@C2N was dispersed in the anhydrous ethanol (EtOH) with the concentration of the Fe@C2N in 
EtOH solution was ~0.3 mg/mL. For the first step synthesis, 2.4 ml of 0.125 M Co(Ac)2 aqueous 
solution was mixed with 48 ml of Fe@C2N EtOH solution, and then 1.2 ml distilled water was added 
at ambient temperature. Then, the product was maintained at 80 oC with stirring for 10 hours. After 
finishing the dispersion, the solution (~40 ml) was moved to the autoclave for the hydrothermal process 
at 150 oC for 180 minutes. After filtration, the product was obtained and then washed several times 
with distilled water and ethanol, respectively. The resulting NP Co3O4/ Fe@C2N catalyst was ~20 mg
after filtration. To prepare 0.2 M, 0.15 M, and 0.1 M Co3O4/ Fe@C2N, 2.4 ml of 0.2 M, 0.15 M, and 0.1 
M Co(Ac)2 solution was added to 48 ml of Fe@C2N EtOH solution, respectively. The following steps 
were the same as above. To prepare NP Co3O4/C2N catalyst, 2.4 ml of 0.125 M Co(Ac)2 aqueous 
solution was added to 48 ml of C2N EtOH suspension. The following steps were the same as above.
3.2.3. Structural characterization and electrochemical tests
The micromorphology was investigated using scanning electron microscopy (Nova FE-SEM) 
instrument. The transmission electron microscopy was conducted using a JEOL 2100F with a probe-
side spherical aberration (Cs) corrector at an accelerating voltage of 200 kV. HAADF-STEM images 
and EELS spectra were taken using a FEI Titan3 G2 60-300 microscope equipped with a double-sided 
Cs corrector operating at 200 kV. X-ray photoelectron spectroscopy (XPS) measurement was conducted 
on an X-ray Photoelectron Spectrometer Thermo Fisher K-alpha (UK). The crystal structure of NP 
Co3O4/Fe@C2N and Fe@C2N was investigated by using X-ray powder diffraction (XRD) (Rigagu-
diffractometer, Cu Ka radiation) and a scan rate is 0.03 o s-1 for measurements. In a three-electrode 
system, graphite rod was used to serve as the counter-electrode and the reference electrode was a 
commercial Ag/AgCl in saturated KCl. The working electrode was the glassy carbon (GC) electrode 
which was coated by each catalyst. The 10 mg catalyst was firstly added in mixture solution with 
EtOH/isopropyl alcohol (IPA) with a 1:1 ratio and the 54   L Nafion solution (5 wt. %, Sigma-Aldrich) 
was added. The addition of the Nafion could lead as a well-dispersed catalyst solution and act binder 
between the catalyst and GC electrode. In the case of composite Co3O4+Fe@C2N catalyst, 5 mg 
commercial Co3O4 (<50nm particle size, Sigma Aldrich, Lot# MKBR1914V) and 5 mg Fe@C2N were 
physically mixed. A 5   L catalyst solution was loaded on the GC disk electrode with controlled 0.125 
cm2. The working electrode was dried at ambient temperature for all the electrochemical measurements. 
In RRDE measurements, the number of transferred electrons (n) and hydroperoxide yields (%) were 
investigated as follows equations
n = 4 
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% HO2
- = 200 
where Id means the value of disk current, Ir means the value of the ring current and N means the 
efficiency of the current collection on the Pt ring in the RRDE. Abbreviation of N was measured to be 
0.41 by the reduction of K3Fe[CN]6. All the electrochemical test was conducted using a potentiostat 
(Biologic VMP3).
3.2.4. Zinc (Zn)-air cell assembly and measurements
A Zn-air cell is composed of Zinc metal / aqueous electrolyte / cathode. 0.2 M zinc acetate in 6 M aq. 
KOH solution was used as the aqueous electrolyte between the anode and cathode, and carbon paper 
was served as a current collector. The zinc acetate material was used for the rechargeable one Zn metal 
with 0.25 mm thickness (Alfa Aesar) was selected as the anode and gas diffusion layer (Toray TGP-H-
090) was used as the air electrode. Zinc plate and air electrode were separated by a glass fiber separator 
(EL-CELL, 18 mm x 1mm). The catalyst (10 mg) was dispersed in a 0.95 mL IPA/EtOH mixed solution 
(1/1) with Nafion (5 wt.%) stock solution (54 uL) for the catalyst ink. The active area was controlled to 
be 16 mm in diameter and the catalyst solution ink was loaded on the carbon paper. The catalyst loading 
density was 1 mg cm-2 and binder content in the cathode was 20 wt. %. In the case of Pt/C+IrO2 sample, 
5 mg commercial Pt/C (20 wt.%) and 5 mg IrO2 were physically mixed.  Battery test was conducted 
using a meshed CR2032 coin cell (CR2032-CASE-304-MESH, MTI Co.). Full-cell measurements were 
investigated at room temperature using a Biologic VMP3.
3.2.5. Hybrid lithium (Li)-air cell assembly and measurements
A Li metal (0.2 mm thickness) was used from Honjo metal, cut for use the anode electrode of 1cm. An 
organic electrolyte was selected as 1 M LiPF6 in tetraethylene glycol dimethyl ether (TEGDME), and 
an aqueous electrolyte was selected as 1 M LiNO3 + 0.5 M LiOH solution. The solid electrolyte 
(Li1+x+yTi2-xAlxP3-ySiyO12, 0.15 mm thickness, OHARA Inc., Japan) between anode and cathode 
was applied as solid lithium super ionic conductor (LISICON). The cathode was controlled by drop-
coating each catalyst inks with Nafion binder onto the carbon paper (Toray TGP-H-090). 1 mg cm-2 
catalyst was loaded and Nafion binder content in the cathode was 20 wt. %. Full-cell measurements 




As schematically shown in Figure 3-1a, the nitrogenated, porous 2D network (denoted by C2N for the 
empirical formula of repeating units in its basal area) is composed of uniformly distributed holes with 
six nitrogen atoms facing the center of each hole.28 The structure of the Fe@C2N catalyst is composed 
of an Fe nanoparticle core encapsulated in an N-doped graphitic shell (Fe@C2N nanoparticles) 
decorating the C2N framework. The polar C2N in the Fe@C2N catalyst plays several crucial roles: (i) 
it provides coordination sites for interactions with Fe; (ii) it prevents catalytic nanoparticles from 
leaching out, thus imparting long-term stability; and (iii) it provides oxygen diffusion and electron 
pathways. NP Co3O4 on the Fe@C2N structure (NP Co3O4/ Fe@C2N) was self-grown via a 
hydrothermal process, and facet-controlled Co3O4 nanoparticles are well distributed on the C2N 
framework. The synthetic processes are described in detail in the Experimental section. The crystalline 
structures of Fe@C2N and NP Co3O4/ Fe@C2N were measured using powder X-ray diffraction. As 
shown in Figure 3-1b, the peaks at 44.7 and 65.0° are characteristic of metallic Fe in Fe@C2N (JCPDS: 
87-0721).29 The minor peaks indicate the formation of iron carbide (Fe3C) (JCPDS: 72-1110), which
forms during the synthesis of Fe@C2N.30 In Figure 3-1c, seven diffraction peaks appear in the X-ray 
diffraction patterns of NP Co3O4/ Fe@C2N, located at 2q = 31.3°, 36.8°, 38.5°, 44.8°, 55.6°, 59.3°, and 
65.2°, corresponding to (220), (311), (222), (400), (422), (511), and (440) planes of face-centered cubic 
(fcc) spinel Co3O4, respectively. The peak at 26.1° indicates the (002) plane of the graphitic layer in 
both Figure 3-1b and 3-1c. Notably, the Fe nanoparticle core encapsulated in the N-doped graphitic 
shell is well preserved, even after loading Co3O4 onto the C2N framework via the hydrothermal process.
As observed in bright-field (BF)-scanning transmission electron microscope (STEM) image, 
nanoparticles with a uniform particle size of ~15nm are well dispersed on the C2N matrix (Figure 3-
2a). To investigate the chemical information of each nanoparticles, we performed an electron energy 
loss spectroscopy (EELS) spectrum image (SI) analysis. Figure 3-2b shows the EELS elemental 
mapping images of C-K, N-K, Fe-L2,3, Co-L2,3, and O-K edges. Fe and Co oxide nanoparticles on the 
carbon matrix with a nitrogen is clearly identified.  The energy dispersive X-ray spectroscopy (EDS) 
investigation also shows the corresponding elemental distribution of NP Co3O4/ Fe@C2N in Figure 3-
3. The mass percentages of Co and Fe atoms in NP Co3O4/ Fe@C2N are determined to be approximately 
40.5 wt.% and 3.9 wt.%, respectively, based on inductively coupled plasma mass spectrometry 
measurements. The HR-TEM images present the NP Co3O4/ Fe@C2N in Figure 3-2c, and nanoparticle 
Co3O4 (red circle) and Fe@C2N (blue circle) in Figure 3-2d and 3-2e, respectively. In Figure 3-2d, the 
measured adjacent interlayer distance of 0.47 nm corresponds to the spacing of the (111) planes of 
Co3O4, which is consistent with XRD result. Combining the structural and morphological information 
confirmed by HR-TEM and STEM in Figure 3-2b, 3-2c and 3-2d, the Co3O4 nanostructures on the C2N 
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framework are well-distributed. Figure 3-2e presents the neighboring interlayer distance of 0.206 nm, 
which is well matched to the (110) planes of metallic Fe. Moreover, the d-spacing of the encapsulating 
shells is 0.346 nm, which matches that of the graphitic layer. The structural analysis, thus, confirms that 
Fe nanoparticles encapsulated in the N-doped graphitic shell and NP Co3O4 are uniformly distributed 
and successfully loaded on the C2N framework.
Figure 3-1 (a) Schematic illustration of the fabrication of Fe@C2N and NP Co¬3O4/ Fe@C2N 
nanocomposites via an annealing and hydrothermal strategy. XRD patterns of (b) Fe@C2N 
and (c) NP Co3O4/ Fe@C2N.
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3.3.2. Electrocatalytic activities
To evaluate the electrochemical properties for ORR of the successfully synthesized NP Co3O4/Fe@C2N, 
rotating ring-disk electrode investigation was performed in an O2- or N2-saturated 0.1 M KOH solution. 
In Figure 3-4a, cyclic voltammetry (CV) was conducted on Fe@C2N, NP Co3O4/Fe@C2N, and 
commercial Pt/C. The apparent cathodic reduction peaks in Figure 3-4a are the effects on the catalyzed 
ORR, in contrast with the curves recorded in the N2 atmosphere, which exhibited no peaks. Fe@C2N 
and NP Co3O4/Fe@C2N show reduction peaks at 0.847 V and 0.870 V, respectively, which are 
comparable with that of Pt/C (0.862 V). The CV results agree well with those of linear sweep 
voltammetry (LSV), with 1,600 round per minute (rpm) at a scan rate of 10 mV s−1 (Figure 3-4b). The 
onset and half-wave potentials of NP Co3O4/Fe@C2N are comparable to those of benchmark Pt/C 
(namely, 0.93 V versus 0.94 V and 0.89 V versus 0.87 V, respectively). Interestingly, anchoring NP 
Co3O4 with Fe@C2N slightly increased the onset and half-wave potentials compared to those of 
Figure 3-2 (a) Bright-field (BF) STEM image of Co3O4/ Fe@C2N. (b) High-angle annular dark-
field (HAADF) STEM image and electron energy loss spectroscopy (EELS) elemental mapping 
images of C K, N K, Fe L2,3, and Co L2,3 edges of Co3O4/ Fe@C2N. (c) High-resolution (HR) 
TEM image of Co3O4/ Fe@C2N. Magnified images of (d) Co3O4 and (e) Fe@C2N.
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Fe@C2N or Co3O4 alone (Figure 3-5); thus, this is the report on the synergistic coupling between NP 
Co3O4 and the C2N network to increase the ORR activity of the hybrid catalyst. In addition, the ORR 
electrochemical activities vary depending on the amount of Co3O4 loaded onto the Fe@C2N framework, 
as shown in Figure 3-6; thus, we selected the 0.125 M Co3O4/Fe@C2N as the optimized NP 
Co3O4/Fe@C2N catalyst concentration. In order to gain further insights into the ORR electrochemical 
properties, the catalytic activities of each catalyst were further analyzed using Tafel plots, as shown in 
Figure 3-4c. NP Co3O4/Fe@C2N exhibits a smaller Tafel slope and overpotential than those of Fe@C2N. 
Notably, the Tafel slope of NP Co3O4/Fe@C2N (83 mV dec−1) is comparable to that of Pt/C 
(68 mV dec-1), indicating that NP Co3O4/Fe@C2N with a small Tafel slope can reach quickly to the 
limiting current region. The yield of peroxide species (HO2−) for the NP Co3O4/Fe@C2N catalyst 
remained below ~10% over the entire potential range, and the calculated n value was above 3.84 within 
the potential window of 0.3–0.8 V versus RHE, indicating that the NP Co3O4/Fe@C2N exhibits a highly 
efficient four-electron ORR, even more efficient than that of Fe@C2N or Co3O4 (Figure 3-7). Although 
Fe@C2N has a larger surface area  from Brunauer-Emmett-Teller (BET) (338.13 m2 g−1, Figure 3-8) 
than that of NP Co3O4/Fe@C2N (121.33 m2 g−1, Figure 3-8), the electrochemically effective surface area 
(ECSA) of NP Co3O4/Fe@C2N is nearly 25% larger than that of Fe@C2N, as estimated from the 
electrochemical double-layer capacitances, Cdl (4.25 mF cm−2 and 3.42 mF cm−2 for NP Co3O4/Fe@C2N 
Figure 3-3 (a) Schematic illustration of the fabrication of Fe@C2N and NP Co3O4/Fe@C2N 
nanocomposites via an annealing and hydrothermal strategy. XRD patterns of (b) Fe@C2N 
and (c) NP Co3O4/Fe@C2N.
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and Fe@C2N, respectively), from the CV analysis, as shown in Figure 3-9.
31 Recent researches suggest 
that the junction sites where Co3O4 is anchored onto a N-doped carbon species are responsible for the 
high electrochemical activities. Such the charge transfer in the junction sites is believed to be the main 
reason why the metal oxide-carbon catalysts possess high electrochemical activity such as Co3O4/GN, 
CoO/CNT, and Co3O4/ON-CNW.21,22,32 Therefore, the different ECSA values of NP Co3O4/Fe@C2N  
can be ascribed to not simply the increased electrical conductivity, but also the induced junction sites 
from the synergistic interaction between strongly interacted Co3O4 and carbon species.
33 These 
increased ECSA values indicate that anchoring Co3O4 nanoparticles onto the C2N framework is likely 
to induce more electrochemically active sites, which accelerate the overall catalytic performance. In 
addition to the high activity, NP Co3O4/Fe@C2N also exhibits considerable catalytic electrochemical 
Figure 3-4 (a) CV curves in N2-saturated (dash line) and O2-saturated (solid line) 0.1 M KOH 
solution, (b) LSV at 1600 rpm in O2-saturated 0.1 M KOH solution and (c) Tafel plots for 
Fe@C2N, NP Co3O4/ Fe@C2N, and Pt/C. (d) chronoamperometric profile of NP Co3O4/
Fe@C2N compared to that of Pt/C at 0.6 V vs. RHE.
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tolerance. The chronoamperometric ORR current of NP Co3O4/Fe@C2N maintains about 93% of its 
initial value after a consecutive polarization period of 22,500 s, thus outperforming commercial Pt/C 
(~70 %, Figure 3-4d). The excellent activity and durability of NP Co3O4/Fe@C2N result from the 
synergistic contribution of the well-ordered nitrogenated graphitic shells protecting the Fe nanoparticle 
cores and the specific interaction between nitrogen and NP Co3O4 particles (as shown in further detail 
Figure 3-5 LSV at 1600 rpm in O2-saturated 0.1 M KOH solution for ORR of a) Co3O4, c) C2N, 
and e) NP Co3O4/C2N, and for OER of b) Co3O4 , d) C2N, and f) NP Co3O4/C2N catalyst.
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in Figure 3-10).
Regarding the development of bifunctional catalysts for rechargeable metal-air batteries (Zn and Li), 
the OER electrochemical performance of the catalyst was also investigated under the same conditions 
as those of the ORR measurements. In Figure 3-10a and 3-5b, two oxidation curves can be seen at 1.45–
1.55 V and above 1.6 V, assigned to the Co4+/3+ oxidation and OER processes, respectively.34 In the LSV 
profiles for the OER, NP Co3O4/Fe@C2N presents an overpotential of 0.43 V at a current density of 
10 mA cm−2, which is 86 mV smaller than that of IrO2 (Table 3-1). Moreover, as indicated by the Tafel 
plots in Figure 3-10b, the Tafel slopes of NP Co3O4/Fe@C2N, Fe@C2N, and IrO2 are 103, 312, and 
Figure 3-6 LSV at 1600 rpm in O2-saturated 0.1 M KOH solution with the different 
concentration of Co(Ac)2 aqueous solution.
Figure 3-7 The number of transferred electrons (n) and peroxide yield recorded with Fe@C2N, 
NP Co3O4/Fe@C2N, Pt/C, and Co3O4 catalysts at 1600 rpm in O2-saturated 0.1 M KOH 
solution.
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114 mV dec−1, respectively, corresponding to electroactivities following the order of NP 
Co3O4/Fe@C2N > IrO2 > Fe@C2N. In OER electrochemical process, the Fe@C2N and C2N show low 
electrochemical activities for OER in Figure 3-10a and 3-5d. However, after loading the Co3O4 on each 
catalyst, the electrochemical performance of both of them is improved, indicating that the Co3O4 is the 
main active sites for the OER process. Therefore, for the NP Co3O4/Fe@C2N catalyst, the ORR progress 
is mainly caused by Fe@C2N and supported by Co3O4 on C2N substrate whereas the OER progress is 
mainly caused by Co3O4 on C2N substrate. Interestingly, the OER performance stability results of the 
physical mixture of commercial Co3O4 and Fe@C2N (denoted by composite Co3O4+Fe@C2N) and 
hydrothermally synthesized NP Co3O4/Fe@C2N show totally different tendencies (Figure 3-4c and 3-
4d) in spite of similar morphology (Figure 3-11). The current density of composite Co3O4+Fe@C2N at 
1.7 V continuously decreases over 100 sequential scans in the range of 1.25–1.7 V versus RHE (Figure 
3-10c) by a total of 21%. In striking contrast, the hydrothermally synthesized catalyst, NP 
Co3O4/Fe@C2N, exhibits no degradation under the same conditions. These results represent evidence 
of its superior electrochemical tolerance for long-term electrochemical operation. Charge-transfer 
Figure 3-8 a) N2 adsorption/desorption isotherms of Fe@C2N, NP Co3O4/Fe@C2N, and Pt/C. 
b-d) the pore size distribution of Pt/C, Fe@C2N, and NP Co3O4/Fe@C2N. The Brunauer-
Emmett-Teller (BET) specific surface areas are 178.3, 338.1, and 121.3 m2 g-1 for Pt/C, 
Fe@C2N, and NP Co3O4/Fe@C2N, which are calculated by the results of N2
adsorption/desorption isotherms.
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resistance (Rct) values of 2.5, 173.4, and 21.5 W cm−2 were fitted from the electrochemical impedance 
spectrum for NP Co3O4/Fe@C2N, Fe@C2N, and IrO2, respectively (Table 3-1). This coinciding 
tendency indicates that the enhanced charge-transfer property of NP Co3O4/Fe@C2N is strongly 
correlated with its superior catalytic activity and reaction kinetics for the OER process. Moreover, the 
chronopotentiometric profile of each catalyst was measured at a constant current density of 1.0 mA cm−2
in order to observe their long-term stabilities, as shown in Figure 3-10f. The overpotential of NP 
Co3O4/Fe@C2N catalyst did not obviously change, whereas those of IrO2 and Fe@C2N increased after 
5,000 s, thus confirming the structural stability of NP Co3O4/Fe@C2N. The electrochemical 
performance of NP Co3O4/Fe@C2N for both the OER and the ORR suggests its prospect as a 
bifunctional electrochemical catalyst.



















Fe@C2N 0.89 0.84 -5.96 98 - 0.59 312 173.4
NP 
Co3O4/Fe@C2N
0.93 0.89 -5.22 83 432 21.5 103 2.5
Pt/C 0.94 0.87 -5.54 68 - - - -
IrO2 - - - - 518 6.92 114 21.5
a) Eonset, Ehalf, and Id presents onset potential, half-wave potential, and limiting current density in ORR 
progress. b) ŋ is the overpotential (mV) at 10 mA cm-2 from 1.23 V vs. RHE, Is is the specific OER 
current density and Rct is the charge-transfer resistance at 1.70 V vs. RHE.
3.3.3. Electrochemical characterization
To identify the synergistic contribution of NP Co3O4 and Fe@C2N in improving the ORR/OER 
electrochemical performance, X-ray photoelectron spectroscopy (XPS) was carried out (Figure 3-12). 
The oxidation states or the electronic configuration of each element are normally investigated by XPS 
measurements. The XPS spectrum of NP Co3O4/Fe@C2N in Figure 3-12a shows the elemental 
composition of C, N, O, Fe, and Co. The high-resolution XPS spectrum for C 1s was deconvoluted into 
three major peaks at 284.3 eV (C=C sp2), 286.0 eV (C–N), and 288.3 eV (C-heteroatom), as shown in 
Figure 3-12b.26,35 In Figure 3-12c, the peaks at 720.0 eV for Fe 2p1/2 and 707.1 eV for Fe 2p3/2 indicate 
the presence of metallic Fe in the Fe@C2N.26 These characterizations confirmed that the C2N framework 
and Fe encapsulated in graphitic layers were successfully synthesized. In order to investigate the 
specific interaction between Co3O4 and the C2N network via hydrothermal synthesis, we compared NP 
Co3O4/Fe@C2N to the composite Co3O4+Fe@C2N (Figure 3-12d,e,f). The deconvoluted high-
resolution XPS spectrum of N 1s (Figure 3-12d) shows that the deconvoluted two peaks, namely, N-
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pyrazine like coordinated with metal at 400.2 eV and N-pyrazine like at 398.1 eV, which is similar to 
the results in our previous research.35 Interestingly, considering the intensity of the peaks, the N-
pyrazine like coordinated with a metal peak in NP Co3O4/Fe@C2N shows a ratio of 52.6%, which is 
higher than that of composite Co3O4+Fe@C2N (47.6%). During the hydrothermal synthesis loading 
Co3O4 on C2N framework, the nitrogen-doped carbon support, C2N, provides responsible anchoring 
sites for the self-growth of metal oxide nuclei, resulting in a higher ratio of N-pyrazine like coordinated 
with a metal peak than a physically mixed composite Co3O4+Fe@C2N.
36-38 In addition, we have further 
investigated the XPS spectrum of N 1s for the detailed comparison as shown in Figure 3-13. In Figure 
3-13a-c, we compared the ratio of N-pyrazine like coordinated with a metal peak from the XPS results 
of NP Co3O4/Fe@C2N, Fe@C2N, and C2N material. After loading Co3O4 on Fe@C2N via hydrothermal 
process, the ratio of N-pyrazine like coordinated with a metal in NP Co3O4/Fe@C2N catalyst is 
increased to 52.6 % from 37.1 % for that of Fe@C2N. Although the ratio of N-pyrazine like coordinated 
with a metal has increased after doping with Fe in C2N compared to C2N, the increased ratio for NP 
Figure 3-9 Electrochemical CV scans recorded for a) Fe@C2N and b) NP Co3O4/Fe@C2N 
catalysts at different potential scanning rates. Scan rates are 20, 40, 60, 80, and 100 mV s-1. 
The selected potential range where no faradic current was observed is 1.10 to 1.20 V vs. RHE. 
c) plot of half of the current density at 1.15 V vs. the scan rate.
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Co3O4/Fe@C2N after loading C o3O4 on Fe@C2N is evidence of the additional specific interaction 
between Co3O4 and the C2N network through hydrothermal synthesis, which increases the 
electrochemical activities and stabilities during the ORR and OER processes. Furthermore, in Figure 3-
13d-f, there is no change of the ratio after hydrothermal process without Co3O4 with Fe@C2N (denoted 
by hydrothermal Fe@C2N) compared to Fe@C2N catalyst. Therefore, it can be concluded the different 
ratio between NP Co3O4/Fe@C2N and Fe@C2N is caused by anchoring between the Co3O4 and C2N 
framework. Moreover, the comparing level of Fe and N contents between Fe@C2N and NP 
Figure 3-10 a) LSV plots for OER and b) Tafel plots of Fe@C2N, NP Co3O4/ Fe@C2N, and 
IrO2 after ten consecutive scans. LSV curves for OER of c) Co3O4+ Fe@C2N composite and 
d) NP Co3O4/ Fe@C2N for 100 cycle measurements. The insets in (c) and (d) show the 
normalized current densities along 100 consequent scans at 1.7 V vs. RHE at each sample. e) 
EIS curves at 1.7 V vs. RHE of Fe@C2N, NP Co3O4/ Fe@C2N, and IrO2. Inset represents the 
equivalent circuit used to fit the experimental data where Rs is electrolyte resistance, CPE is 
double layer capacity, and Rct is charge transfer resistance). f) Chronopotentiometry profile 
of NP Co3O4/ Fe@C2N, and IrO2 at a constant current density of 1.0 mA cm
-2.
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Co3O4/Fe@C2N is important to clarify the electrochemical activities. Based on the XPS measurements, 
we have compared the ratio of elements in each sample and all elements atomic ratio were shown in the 
Table 3-2. After the hydrothermal process with Co3O4 and Fe@C2N, the ratio of C, N, Fe decreases 
slightly, which is caused by loading Co3O4 on the substrate. The ratio of C/Fe shows similar values 
between Fe@C2N and NP Co3O4/Fe@C2N, and it means that there is no amount of loss of Fe during 
the loading Co3O4 synthesis. However, the ratio of Fe/N and C/N is small increased after the 
hydrothermal process, which is indicating the partial loss of N in the substrate during loading Co3O4
process. Fe-Nx or Nx-C is well known as an ORR active sites, and although there is a slight loss of N 
in NP Co3O4/Fe@C2N, interestingly, the ORR performance of NP Co3O4/Fe@C2N catalyst was 
improved than Fe@C2N.
14,26,27 This improved electrochemical activities in this study may have been 
attributed to the junction sites at which Co3O4 is anchored onto a N-doped carbon substrate. Meanwhile, 
the Co 2p spectrum of each sample displays two major peaks at 795 and 780 eV, corresponding to the 
binding energies of Co 2p1/2 and Co 2p3/2, respectively (Figure 3-12e). Co 2p1/2 peak has deconvoluted 
to the binding energies of 2p 1/2 of Co2+ and Co3+ and the Co 2p3/2 peak also has deconvoluted to the 
binding energies of 2p 1/2 of Co
2+ and Co3+. The relative area ratio of Co3+ t o Co2+ in NP Co3O4/Fe@C2N 
is slightly higher (2.3) than that of composite Co3O4+Fe@C2N (2.2), indicating that more exposed Co 
atoms are in the oxidation state of Co3+ on the surface of Co3O4 in NP Co3O4/Fe@C2N. The high ratio 
of Co3+ on the surface of Co3O4 indicates that a strong interaction exists between Co3O4 and C2N 
framework and consequently leads to a lower electron density at the Co atom through interfacial Co-N-
C bonding.39 The migration of Co electron could be induced by the strong electronegative between C 
Figure 3-11 SEM image of a) the NP Co3O4/Fe@C2N and b) Co3O4+Fe@C2N composite.
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and N, demonstrating the coupling electronic effect NP Co3O4 with C2N framework.20 This increased 
ratio of oxidation Co state is consistent with the specific interaction between Co3O4 and C2N from XPS 
spectrum of N 1s. Therefore, the higher ratio of Co3+/Co2+ provides more donor-acceptor reduction sites, 
which is an important factor for the ORR and OER, and is expected to increase the catalytic activities 
of NP Co3O4/Fe@C2N.4,40 The O 1s spectra show three main peaks representing lattice oxygen (Olattice), 
Figure 3-12 a) XPS survey spectrum, high-resolution XPS spectra of the b) C 1s, and c) Fe 
2p in NP Co3O4/ Fe@C2N, d) high-resolution XPS spectra of the d) N 1s, e) O 1s, and f) Co 
2p in NP Co3O4/ Fe@C2N and composite Co3O4+ Fe@C2N.
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adsorbed oxygen species (Oad), and adsorbed H2O (H2Oad), as shown in Figure 3-12f. Based on the fitted 
results, the relative contents (Olattice/Oad) of NP Co3O4/Fe@C2N and composite Co3O4+Fe@C2N are 1.94 
and 2.93, respectively. According to the electroneutrality principle, an increase in the Co3+ ratio means 
a rise in the amount of oxygen vacancies and lead decreased ratio of Olattice/Oad, which is consistent with 
XPS spectrum analysis of N 1s and Co 2p in Figure 3-12d and 3-5e.42,42 Notably, the lower Olattice/Oad
ratio in NP Co3O4/Fe@C2N indicates that the interaction between the NP Co3O4/Fe@C2N and surface 
oxygen-adsorbed species is strong, which facilitates the oxygen adsorption process, thus increasing the 
electrocatalytic reactivity.43 Furthermore, the lower Olattice binding energy of NP Co3O4/Fe@C2N is 
expected to improve the electron donor ability associated with the increased catalytic activity for the 
ORR, leading to synergistic coupling between NP Co3O4 and the C2N network and high ORR 
activity.40,44 These results reveal that NP Co3O4/Fe@C2N exhibits specific interactions between the NP 
Co3O4 nanoparticles and the C2N network, thus demonstrating synergistic electrochemical performance 
for both ORR and OER processes.
Table 3-2. Elemental atomic composition from XPS measurements
Sample C % N % Fe % Co % O % Total Fe/N C/N C/Fe 
Fe@C2N 66.25 13.35 2.93 - 17.47 100 0.22 4.96 22.61
NP 
Co3O4/Fe@C2N
61.73 7.67 2.72 7.74 20.14 100 0.35 8.05 22.69
3.3.4. Alkaline Metal (Zn, Li) -Air Batteries
The electrochemical performance of NP Co3O4/Fe@C2N was evaluated with Zn–air batteries and hybrid 
Li-air batteries and compared with that of Pt/C+IrO2 and Co3O4+Fe@C2N composites for reference. All 
catalyst loading density was the same as 1 mg cm-2, which is addressed in detail in Supporting 
information. Figure 3-14a shows the discharge and charge profiles of Zn–air batteries at various current 
densities in the range of 5–15 mA cm−2. The Zn-air battery was assembled by using the gas diffusion 
layer loaded with each catalyst as the cathode, the metallic Zn plate as the anode, and a mixed aqueous 
solution of 6.0 M KOH and 0.2 M Zn(ac)2 as the electrolyte (Figure 3-15a). The discharge voltage of 
NP Co3O4/Fe@C2N is comparable to that of Pt/C+IrO2, and the charge voltage of NP Co3O4/Fe@C2N 
is even lower than that of Pt/C+IrO2. At the highest current density (15 mA cm−2), the NP 
Co3O4/Fe@C2N catalyst exhibits an even lower charge–discharge overpotential gap (0.85 V) than that 
of the Pt/C+IrO2 catalyst (1.01 V), which means that NP Co3O4/Fe@C2N is more efficient during the 
charging process than Pt/C+IrO2 and is comparable to the benchmark Pt/C+IrO2, even in the high-
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current-density region. Figure 3-14b shows the cycling performance of NP Co3O4/Fe@C2N and 
Pt/C+IrO2 at a constant current density of 2 mA cm−2 in ambient air. The Pt/C+IrO2 catalyst shows 
continuous degradation over 350 min, with a substantial increase in the charge-discharge voltage gap 
from 0.64 to 0.85 V. This result is well matched with the vulnerability of Pt/C and IrO2 during the ORR 
Figure 3-13 a) XPS survey spectrum for Fe@C2N and C2N. b) High-resolution XPS spectra 
of the N 1s in NP Co3O4/Fe@C2N, Fe@C2N, and C2N. c) Detailed peak ratio in b). d) XPS 
survey spectrum and e) high-resolution XPS spectra of the N 1s for Fe@C2N and 
Hydrothermal Fe@C2N. f) Detailed peak ratio in e). 2p in NP Co3O4/ Fe@C2N, d) high-
resolution XPS spectra of the d) N 1s, e) O 1s, and f) Co 2p in NP Co3O4/ Fe@C2N and 
composite Co3O4+ Fe@C2N.
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and OER processes. For NP Co3O4/Fe@C2N, in contrast, an outstanding cycling performance was 
attained over 700 min without significant degradation of the charge-discharge voltage gap (from 0.57 
to 0.63 V during a period of 700 min). The first discharge-charge curves and cycling performance 
without catalyst were also investigated as a reference (Figure 3-15b and 3-15c). In Figure 3-14c, the 
Co3O4+Fe@C2N composite is also evaluated and compared to the NP Co3O4/Fe@C2N catalyst. Similar 
to the ORR and OER electrochemical properties, the mixed Co3O4+Fe@C2N composite continuously 
degrades during a cyclic test over 360 min. This electrochemical performance corresponds well with 
the results from the LSV curves. The discharge polarization curves and the corresponding power 
densities based on Pt/C+IrO2, NP Co3O4/Fe@C2N, and without catalyst were obtained in Figure 3-15d. 
The maximum power density using NP Co3O4/Fe@C2N catalyst was 186.3 mW cm-2 at 189.5 mA cm-
2, which is even better than that of Pt/C+IrO2 (177.9 mW cm-2 at 165.8 mA cm-2). The specific capacity 
normalized to the mass of reacted Zn was 790.1 mAh g-1Zn for NP Co3O4/Fe@C2N catalyst. This specific 
capacity was also comparable to that of Pt/C catalyst (776.1 mAh g-1Zn). The further cycling stability 
measurements at large current density, 10 mA cm-2 were investigated in Figure 3-15f. Impressively, the 
Figure 3-14 Full-cell performance of the NP Co3O4/ Fe@C2N and Pt/C+IrO2 catalyst. a) First 
discharge-charge curves of Zinc-air cells for the NP Co3O4/ Fe@C2N and Pt/C+IrO2 with 
different current densities in the range of 5-15 mA cm-2. b) Cycling performance of Zinc-air 
cells using b) NP Co3O4/ Fe@C2N and Pt/C+IrO2, and c) NP Co3O4/ Fe@C2N and Co3O4+
Fe@C2N composite at a current density of 2 mA cm
-2. d) First discharge-charge curves of 
hybrid Li-air cells for the NP Co3O4/ Fe@C2N and Pt/C+IrO2 with different current densities 
in the range of 0.5 – 2.0 mA cm-2. Cycling performance of hybrid Li-air cells using e) NP 
Co3O4/ Fe@C2N and Pt/C+IrO2, and f) NP Co3O4/ Fe@C2N and Co3O4+ Fe@C2N composite 
at a current density of 0.5 mA cm-2.
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cell catalyzed by NP Co3O4/Fe@C2N shows superior rechargeability compared to Pt/C+IrO2 over 400 
mn. Therefore, these results indicated that the synergistic effects from junction sites between NP Co3O4
and C2N framework attributed the excellent electrochemical activities as well as preventing the
degradation of electrochemical performance such as agglomeration or detaching.
The electrochemical performances of the NP Co3O4/Fe@C2N and Pt/C+IrO2 catalysts were also 
evaluated in hybrid Li-air batteries. The schematic configuration of the assembled Li-air battery was 
shown in Figure 3-16a. The discharge-charge profiles of hybrid Li-air batteries were recorded at a 
current density of 0.5–2.0 mA cm−2 (Figure 3-14d). The charge and discharge voltages of NP 
Co3O4/Fe@C2N are comparable with those of Pt/C+IrO2, which agrees with the results for Zn–air 
batteries. Figure 3-14e shows the cycling performance of NP Co3O4/Fe@C2N and Pt/C+IrO2 at a 
constant current density of 0.5 mA cm−2. Although the charge-discharge voltage gap of NP 
Co3O4/Fe@C2N is relatively higher, it is still comparable to or even better than that of the noble 
Pt/C+IrO2 catalyst after 25 h (inset in Figure 3-14e). Figure 3-14f compares the cycling performance of 
the Co3O4+Fe@C2N composite to that of the NP Co3O4/Fe@C2N catalyst at a current density of 
0.5 mA cm−2. The mixed Co3O4+Fe@C2N composite obviously degrades over 15 h, showing poor 
Figure 3-15 a) The schematic configuration of the assembled Zn-air battery. b) First 
discharge-charge curves without catalyst with different current densities in the range of 5-
15 mA cm-2. c) Cycling performance without catalyst at a current density of 2 mA cm-2. d) 
Discharging polarization curves and the corresponding power densities based on Pt/C+IrO2, 
NP Co3O4/Fe@C2N and without catalyst. e) Discharge curves of Zn-air battery with 
Pt/C+IrO2, NP Co3O4/Fe@C2N and without catalyst under continuous discharge until 
complete consumption of Zn. f) Cycling performance for Pt/C+IrO2 and NP Co3O4/Fe@C2N 
at a current density of 10 mA cm-2.
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electrochemical stability under these operating conditions. These results corroborate the results for each 
sample during the ORR and OER processes. The first discharge-charge curves and cycling performance 
without catalyst were also investigated as a reference (Figure 3-16b and c). Consequently, NP 
Co3O4/Fe@C2N is an efficient bifunctional catalyst with comparable performance and stability 
comparable to those of benchmark materials, such as Pt/C and IrO2, for hybrid metal (Zn, Li)–air 
batteries.
3.4.Conclusions
In summary, we rationally designed NP Co3O4 on Fe@C2N (NP Co3O4/Fe@C2N) as a bifunctional 
catalyst for both the ORR and the OER, which we grew hydrothermally. Although the Co3O4 
nanostructure alone has a scarce catalytic activity toward the ORR and OER, in hybrid materials with 
the C2N matrix, it exhibits unexpectedly high ORR and OER activities in alkaline solutions, superior to 
those of the benchmark Pt/C and IrO2 catalysts. Further investigation demonstrates that the NP Co3O4 
structures on the C2N framework show specific interactions, which synergistically contribute to the 
overall electrochemical performance for both ORR and OER processes. The specific exposed facets on 
the NP Co3O4 nanostructure present a superior bifunctional electrochemical activity on the Fe@C2N 
framework. In addition, metal (Zn, Li)–air batteries based on NP Co3O4/Fe@C2N display a charge-
discharge overpotential similar to that of the Pt/C+IrO2 catalyst at various current densities. Moreover, 
NP Co3O4/Fe@C2N demonstrates higher stability under operating conditions than that of the 
Co3O4+Fe@C2N composite and Pt/C+IrO2 catalysts. Therefore, this work presented a highly promising 
bifunctional electrochemical catalyst for metal-air batteries and an approach for advanced catalyst 
engineering by introducing synergistic effects between the metal oxide and the C2N framework.
Figure 3-16 a) The schematic configuration of the assembled Li-air battery. b) First 
discharge-charge curves without catalyst with different current densities in the range of 0.5-
2.0 mA cm-2. c) Cycling performance without catalyst at a current density of 0.5 mA cm-2.
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Chapter  4 Efficient CO2 utilization via a hybrid Na-CO2 system based on 
CO2 dissolution
This chapter has been published and has been cited in the thesis by co-author C. Kim.
Reproduced with permission from C. Kim, J. Kim, S. Joo, Y. Bu, M. Liu, J. Cho, G. Kim, iScience 2018, 
9, 278-285.
4.1. Introduction
Many researchers believe that global warming and climate change are the result of carbon dioxide (CO2) 
generated by human activities over the centuries (Jenkinson et al., 1991; Obama, 2017). Thus, many 
countries and organizations have made great efforts to reduce their carbon footprint, and recently, 
carbon capture, utilization and storage/sequestration (CCUS) technology has been studied to recycle 
CO2 as a resource (Keith et al., 2018; Andersen, 2017; Dowell et al., 2017). In this regard, considerable 
research has been focused on the chemical conversion of CO2 into high value-added carbon compounds, 
such as methanol, organic materials, and plastics (Liu et al., 2015; Li et al., 2016; Angamuthu et al., 
2010; Darensbourg, 2007). However, due to the low conversion efficiency, it has been pointed out that 
it cannot be an effective greenhouse gas abatement technology (Bourzac, 2017; Markewitz et al., 2012; 
Mikkelsen et al., 2010). Recently, aprotic (non-aqueous) metal-CO2 batteries have also been studied for 
the production of electrical energy using CO2 (Zhang et al., 2015; Qie et al., 2017; Hu et al., 2016; Al 
Sadat and Archer, 2016; Das et al., 2013). However, during the generation of electric energy, solid 
carbonate products accumulate on the surface of the electrode, which deteriorates the performance and 
discharge capacity. Additionally, because CO2 is regenerated in the charging process, aprotic metal-
CO2 batteries are not an efficient CCUS technology for utilizing and reducing CO2. Thus, we have 
devised a hybrid Na-CO2 that produces continuously both electric energy and hydrogen simultaneously 
through efficient CO2 conversion with highly stable operation over 1,000 hours from the nature of 
spontaneous CO2 dissolution in an aqueous solution. We further show that unlike existing aprotic metal-
CO2 batteries (Zhang et al., 2015; Qie et al., 2017; Hu et al., 2016; Al Sadat and Archer, 2016), the 
proposed system does not regenerate CO2 during charging process. Therefore, this hybrid Na-CO2 cell, 
which adopts efficient CCUS technologies, not only utilizes CO2 as the resource for generating 
electrical energy, but also produces the clean energy source, hydrogen.
4.2.Experimental
4.2.1. Half-cell configured electrochemical analysis.
In three-electrode half-cell measurements, a platinum wire was used as both of working electrode and 
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counter electrode with Ag/AgCl (saturated KCl filled) reference electrode in 0.1 M sodium hydroxide 
(NaOH, Sigma-Aldrich Co.) in pure water and seawater (taken from sea of Ulsan and filtered to remove 
visible impurities). To estimate pH and hydrogen evolution potential in the solution, a reversible 
hydrogen electrode (RHE) calibration was conducted in H2-saturated solutions where platinum wires 
were used as the working, counter electrodes and Ag/AgCl as a reference electrode at a scan rate of 1 
mV s-1. For all half-cell configured experiments, iR correction was applied by measuring the resistance 
of solution (0.1 M NaOH, CO2-saturated 0.1 M NaOH, seawater, CO2-saturated seawater). The ohmic 
resistances of before CO2-saturated 0.1 M NaOH, after CO2-saturated 0.1 M NaOH, before CO2-
saturated seawater, and after CO2-saturated seawater have been confirmed as 12.5, 35.8, 4.2 and 4.0   , 
respectively. A rotating disk electrode testing was conducted by using a mixture of 20wt.% Pt/C and 
IrO2 catalyst (Sigma-Aldrich Co., mixed in 1 : 1 gravimetric ratio) on RRDE-3A (ALS Co.). The 
mixture of catalyst was prepared into a catalyst ink by dispersing 10 mg of the catalyst in 1 mL of a 
binder solution (45 : 45 : 10 = ethanol : isopropyl alcohol : 5 wt.% Nafion solution (Sigma-Aldrich Co.), 
volumetric ratio) followed by a bath sonication process. The oxidation RDE profiles were measured by 
5 mL of the catalyst ink drop-coated glassy carbon disk electrode, where area is 0.1256 cm2, at a scan 
rate of 10 mV s-1. All electrochemical tests were carried out using Biologic VMP3.
4.2.2. Characterization techniques
The soluble solid products after discharge process in CO2-saturated 0.1 M NaOH were obtained through 
various drying process such as freeze-drying, natural drying at room-temperature, high temperature 
drying at 70oC oven. The phase identification of the obtained products was confirmed by X-ray powder 
diffraction (XRD) (Bruker diffractometer, Cu Kα radiation) at a scan rate of 1o min-1. The power patterns 
were analyzed using JADE 6.5 software. The generated gas from discharge process was collected using 
three-electrode configuration in CO2-saturated seawater and 0.1 M NaOH by water substitution method 
using U tube. Then the gas was analyzed by gas chromatograph (Agilent 7820A GC instrument) with a 
thermal conductivity detector (TCD) and a packed column (Agilent carboxen 1000). The gas used for 
GC measurement were controlled using a mass flow controller (MFC) (Atovac GMC1200) and the 
exact volume value of gas was calibrated through a bubble flow meter. The gas evolved from the 
charging process were also collected by three-electrode configuration (Pt wires as a counter electrode, 
Pt/C+IrO2 catalyst loaded carbon felt as a working electrode, and Ag/AgCl as a reference electrode) in 
0.1 M NaOH. The gas was analyzed by 450-GC chromatograph and 320-MS (Bruker Co.). The 
morphological analysis of the working electrode before and after discharge process in hybrid Na-CO2
system was examined by scanning electron microscopy (Nova FE-SEM, FEI Co.).
4.2.3. Full-cell measurments
For testing the hybrid Na-CO2 system, the commercial Na-air battery (seawater battery) system was 
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purchased at 4TOONE Co. and we modified the system into hybrid Na-CO2 system. The hybrid Na-
CO2 system is composed of Na metal / organic electrolyte / solid electrolyte / aqueous electrolyte / 
cathode. For the organic electrolyte, 1 M Sodium trifluoromethanesulfonate (NaCF3SO3, Sigma-Aldrich 
Co.) in tetraethylene glycol dimethyl ether (TEGDME, Sigma-Aldrich Co.) was used. And NASICON-
type (NASICON: Na super ionic conductor) Na3Zr2Si2PO12 with a thickness of 1 mm and a diameter of 
16 mm was used as the solid electrolyte. The anode coin cell was assembled in Ar-filled glove box 
where the water and oxygen concentrations were kept less than 1 ppm. The sodium metal (Sigma-
Aldrich Co.) with a diameter of 16 mm and a thickness of 0.5 mm was loaded on the stainless-steel 
metal support and the prepared organic electrolyte was filled between sodium metal and NASICON. 
After assembling the anode coin cell with proper sealing, the assemblage was moved out from the glove 
box. The assembled coin cell is 24 mm in diameter and 6.5 mm in thickness (2465 size). For the aqueous 
electrolyte, 150 mL of 0.1 M NaOH and seawater were used. The cathode was prepared by drop-coating 
the catalyst ink (Pt/C+IrO2 ink) in a carbon felt electrode (Fuel Cell Store Co.) with a loading density 
of 2 mg cm-2. The current density was normalized with the loading density of the catalysts. A titanium 
wire was used as a current collector of the cathode and the aqueous electrolytes were saturated by CO2
at a rate of 50 mL min-1 at the ambient air condition for electrochemical measurements in hybrid Na-
CO2 system. All electrochemical tests were conducted using Biologic VMP3.
4.3.Result and discussion
Figure 4-1 Schematic illustration of hybrid Na-CO2 system and its reaction mechanism.
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4.3.1. The proposed hybrid Na-CO2 cell and its reaction mechanism
A schematic illustration of the proposed hybrid Na-CO2 cell is presented in Figure 4-1. The digital 
photographs of the system are also presented in Figure 4-2. This system could work continuously with 
Na metal and CO2 as fuel at the anode and feedstock gas at the cathode, respectively. Na is regarded as 
a promising candidate as a substitute for Li in terms of its electrochemically similar behavior along with 
low cost (30 times cheaper than Li) from natural abundance and environmental friendliness (Noorden, 
2014; Kwak et al., 2015). The Na metal anode is kept in an organic electrolyte to prevent a direct 
corrosion from an aqueous electrolyte separating by Na super ionic conductor (NASICON) membrane. 
The overall reaction mechanisms are composed of a chemical reaction and an electrochemical reaction. 
The chemical reaction of CO2 dissolution mechanism is as follows:
CO2(aq) + H2O(l) ⇌ H2CO3(aq),             Kh = 1.70 × 10
-3               (1)
H2CO3(aq) ⇌ HCO3-(aq) + H+(aq),                 pKa1 = 6.3                         (2)
When CO2 is purged into an aqueous solution (e.g., distilled water, seawater, NaOH solution), CO2
dissolution proceeds and carbonic acid (H2CO3(aq)) is formed through the hydration of CO2 (Equation 
1). For a standard state condition in pure water, this spontaneous chemical equilibrium of CO2 hydration 
is determined by the hydration equilibrium constant (Kh = 1.70 × 10
-3) (Housecroft and Sharpe, 2005). 
Then, the carbonic acid dissociates into HCO3- and H+ determined by the first acid dissociation constant 
(Ka1 = 4.46 × 10
-7), shown in Equation 2 (Harris, 2010). Because carbonic acid is a polyprotic acid 
dissociating multiple steps, an in-depth understanding of CO2 dissolution requires that the second acid 
dissociation step, i.e., HCO3-(aq) ⇌ CO32-(aq) + H+(aq) (Ka2 = 4.69 × 10-11), be considered (Harris, 2010). 
However, the second acid dissociation constant is significantly smaller than the first (Ka1 >> Ka2), 
making it negligible in calculating the proton concentration. Thus, when CO2 dissolved in water, it 
acidifies the aqueous solution and HCO3-(aq) is predominant over CO32-(aq). The concentration of 
carbonate ions when CO2 dissolves in water at normal atmospheric pressure is provided at Table 4-1. 
The mole fractions of carbonate ions depending on the pH of solution is shown in Figure 4-3.
The electrochemical reactions are composed of anodic reaction of sodium metal oxidation (Equation 
3) and cathodic reaction of hydrogen evolution (Equation 4):
Anodic reaction:     2Na → 2Na+ + 2e-        Eo = -2.71 V                             (3)
Cathodic reaction:     2H+ + 2e- → H2(g)             Eo = 0.00 V                             (4)
Net equation:     2Na + 2H+ → 2Na+ + H2(g)     Eo = 2.71 V                             (5)
Then, the electrochemical net equation is simply given as the oxidation of Na metal and the spontaneous 
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evolution of hydrogen (Equation 5). Because the potential of cathodic reaction is closely influenced by 
the pH of aqueous solution, the dissolution of CO2 renders a favorable electrochemical reaction 
environment by acidifying the aqueous solution.
















3.5 × 10-4 1.18 × 10-5 1.41 × 10-8 2.29 × 10-6 4.69 × 10-11 2.29 × 10-6 5.64
Figure 4-2 The components of hybrid Na-CO2 cell. Related to Figure 1. (A) The digital 
photograph of hybrid Na-CO2 cell. (B) The anode and cathode assembly of Na-CO2 cell. (C) 
The components of anode coin cell. Details are available in Transparent Methods. Related to 
Figure 4-1.
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4.3.2. Half-cell configured electrochemical analysis.
The cathodic electrochemical profiles were closely examined using a cyclic voltammetry (CV) 
technique on the Pt electrode (Figure 4-4A). An apparent cathodic peak in O2-saturated NaOH was 
observed near of -0.1 V vs. Ag/AgCl, which could be ascribed to oxygen reduction reaction (ORR) on 
the Pt electrode (Park et al., 1986; Kim et al., 2016). When ORR is occurred, a diffusion-controlled 
region was found near of -0.2 V and a limiting current was observed due to the typical O2 mass transfer 
limitation in ORR profiles (Kim et al.,2016; Bu et al., 2017). At the lower potential, a cathodic peak 
corresponding to hydrogen evolution reaction (HER) was observed around -0.95 V in O2- and N2-
saturated conditions (Mahmood et al., 2017; Xu et al., 2016; Ahn et al., 2018). Meanwhile, in the case 
of CO2 saturated condition, hydrogen evolution occurs more positively by 0.35 V due to the higher 
concentration of H+. In addition, HER profiles, contrary to ORR profiles, presented sharply increasing 
cathodic curves without a mass transfer limitation. For depth analysis, the kinetics of these 
electrochemical reactions were interpreted by an analysis of the Tafel slope (Figure 4-4B). Because 
ORR is one of the most complex electrochemical reactions, involving 4 electrons with 2 reactants (O2
and H2O), the reaction kinetics is sluggish, even on a state-of-the-art Pt electrode, with a value of 78 
mV dec.-1. However, HER only involves 2 electrons with 1 reactant (H+ or H2O depending on pH) and 
thus presented a low Tafel slope of 48 mV dec.-1 near the onset potential. Furthermore, the Tafel slope 
is more decreased to 28 mV dec.-1 at an activation controlled Tafel region, indicating a highly efficient 
cathodic reaction. Further, the cathodic CVs and corresponding Tafel plots were investigated in seawater 
(Figure 4-4C and 4-4D). Likewise, it has been confirmed that CO2 dissolution in seawater provides 
the electrochemically favorable environment toward HER. The hydrogen evolution potential based on 
pH is described in Figure 4-4E, F, G, H, and I. These electrochemical profiles have significant 
implications; the less corrosive environment of the quasi-neutral condition (pH ~ 7) could potentially 
Figure 4-3 Mole fractions of the three different carbonate forms, i.e., carbonic acid ion, 
bicarbonate ion, and carbonate ion, as a function of pH of dissolved solution (Note: carbonic 
acid ion here includes ionic carbon dioxide).
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allow adoption of abundant and non-noble metal-based electrocatalysts. Thus, notably, this combined 
cathodic reaction not only utilizes CO2 to generate H2, but also possesses highly efficient reaction 
kinetics, possibly overcoming the key issue of sluggish discharge rates for common metal-air batteries 
(Wang et al., 2014).
4.3.3. Performance and stability of hybrid Na-CO2 cell
The actual working performance of hybrid Na-CO2 cell is evaluated using a composite of Pt/C and IrO2
(Pt/C+IrO2) as a catalyst. Figure 4-5A presents the chronopotentiometric discharge profiles at the 
current density of 50 to 200 mA g-1 under N2- or CO2-saturated 0.1 M NaOH. Discharging CV profiles 
measured in various gas-saturated conditions were also investigated and three distinctive reduction 
peaks were found as similarly observed in the half-cell CV profiles (Figure 4-6). These findings 
confirmed that the dissolution of CO2 led to a favorable HER environment in both NaOH solution and 
seawater. The full discharge profile was investigated in a CO2-saturated NaOH solution (Figure 4-5B) 
with a mechanical recharge by replacing the Na metal anode. As shown in Figure 4-5B, the highly 
stable operation over 1,000 hours was achieved because only a gas phase H2(g) was produced during 
the discharge process suggesting its similar nature of fuel cell systems (Park et al., 2000; Sengodan et 
al., 2015; Yang et al., 2009). Also, the full discharge profile measured under CO2-saturated seawater 
Figure 4-4 (A) Cathodic CV profiles measured in O2, N2, and CO2-saturated 0.1 M NaOH at 
10 mV s-1, where Pt as a working and counter electrode and Ag/AgCl electrode as a reference 
electrode. A reference potential is described with Ag/AgCl instead of RHE for the clarification 
of potential difference in relationship between purging gases and pH. (B) Tafel analysis of the 
cathodic profiles. (C) Cathodic CV profiles measured in O2 and CO2 saturated seawater. (D)
Corresponding Tafel plots. (E) Schematics diagram of hydrogen evolution potential related to 
pH. RHE calibration profile corresponding to hydrogen evolution potential measured in (F) 
0.1 M NaOH (G) CO2 saturated 0.1 M NaOH (H) seawater and (I) CO2 saturated seawater.
62
presented a highly stable operation over 500 hours (Figure 4-5C). In other words, there is no deposition 
of solid discharge products that possibly causes clogging or physical damage on the electrode as 
examined from scanning electron microscopy images and X-ray diffraction patterns (Figure 4-5D-G). 
In contrast, conventional aprotic metal-CO2 batteries have exhibited typical clogging phenomenon by 
the deposition of solid M2CO3(s) (M = Li or Na), Al2(C2O4)3(s) or MgCO3(s) on the surface of the 
electrode (Zhang et al., 2015; Qie et al., 2017; Hu et al., 2016; Al Sadat and Archer, 2016; Das et al., 
2013), which results in a performance drop with limited capacity. A comparison of the capacities of 
various batteries is provided in Table 4-2. Further, the pH of the CO2-saturated NaOH solution after the 
1,000 hours operation was investigated and determined to be 6.62, indicating that the pH of solution is 
stably maintained over 1,000 hours (Figure 4-7). The produced gas during operation was analyzed by 
Figure 4-5 (A) Chronopotentiometric potential profiles on the hybrid Na-CO2 system under 
various current densities. Discharge processes are conducted in CO2, N2 saturated 0.1 M 
NaOH to observe the effects of CO2 dissolution. (B) The chronopotentiometric discharge 
profile of Pt/C+IrO2 catalyst at 200 mA g
-1 in CO2-saturated 0.1 M NaOH. (C) Discharge 
profile of hybrid Na-CO2 system measured in CO2 saturated seawater. Surface observation of 
carbon felt cathode before and after test. (D) Scanning Electron Microscopy (SEM) image of 
carbon felt before discharge (E) after discharge in 0.1 M NaOH, (F) after discharged in 
seawater. (G) XRD profiles of carbon felt electrode before and after discharge in 0.1 M NaOH 
and seawater.
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a gas chromatography (GC) which confirms that this system generates only H2 as expected from 
Equation 4 during the discharge process (Figure 4-8). To identify a soluble product, the aqueous 
solution was freeze-dried and obtained in the form of a white powder (the inset of Figure 4-9). The X-
ray diffraction (XRD) patterns of the white powder identifies as pure NaHCO3 (Figure 4-9), commonly 
known as baking soda. It is notable that the continuous enrichment of NaHCO3(aq) in the aqueous media 
from the discharge does not affect on the discharge performance as shown in the 1,000 hours discharge 
profile. Therefore, CO2 gas has been successfully captured and converted in the form of baking soda. 
The additional XRD profiles of the powder obtained through different drying processes are provided in 
Figure 4-10. Further, we investigated the practical CO2 conversion efficiency through the quantitative 
GC analysis. As shown in Figure 4-11, the practical efficiency of CO2 conversion during the discharge 
reaction was determined to be 47.7 %. We have determined the efficiency of CO2 conversion during the 
reaction time. First, theoretical CO2 conversion rate is determined by calculating H
+ removal rate during 
discharge reaction. Because one CO2 molecule can make one H
+ molecule from the dissolution process 
(i.e., CO2 + H2O → H+ + HCO3-) and two H+ molecules can make one H2 molecule (i.e., 2H+ + 2e- → 
H2), we can assume two CO2 molecules can contribute to produce one H2 molecule (100 % conversion 
efficiency). As shown in Figure 4-11A, the theoretical CO2 conversion rate is determined at the current 
of 100 mA, i.e., 1.39 mL min-1. Then, the quantitative GC profiles of outlet CO2 gas during discharge 
reaction have been examined. As shown in Figure 4-11B, the measurement proceeds at the inlet CO2 
flow rate of 23.0 mL min-1 and the outlet CO2 flow rate was 22.34 mL min
-1. Accordingly, the practically 
converted CO2 rate is determined, i.e., 0.66 mL min-1. Thus, the practical efficiencies of CO2 conversion 
were calculated to be 47.7 %. Although this value is lower than the theoretical conversion rate, it is 
meaningful in that proves the additional CO2 dissolution during the discharge process. It is also expected 
Figure 4-6 Cathodic full-cell CV profiles measured by Pt/C+IrO2 catalyst at 0.1 mV s
-1 in the 
hybrid Na-CO2 system conducted in three-electrode configuration using Ag/AgCl. Related to 
Figure 3. CV profiles measured in O2, N2, or CO2 saturated (A) 0.1 M NaOH (B) seawater. 
These profiles reveal the CO2 dissolution could render a favorable electrochemical 
environment to HER.
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that the time that CO2 contacts the solution (i.e., it related to the depth of the solution.) will also affect 
the conversion rate. Although this value is lower than the theoretical conversion rate, it is meaningful 
in that proves the additional CO2 dissolution during the discharge process.
Figure 4-7 The pH of the CO2-saturated 0.1 M NaOH solution. (A) before test and (B) after 
1000 hours test.
Figure 4-8 Gas chromatography (GC) profiles of generated gas during discharge process. The 
gas obtained during cathodic reaction proceeded in (A) CO2 saturated 0.1 M NaOH (B) CO2
saturated seawater.
Figure 4-9 XRD profile of the solidified aqueous solution via freeze-drying. The inset shows 
the obtained white powder.
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4.3.4. Reversibility of hybrid Na-CO2 cell
To confirm the reversibility of hybrid Na-CO2 cell, an anodic charge profile (electrolysis profile) was 
observed. Because Na is one of the most abundant elements on earth, Na metal anode could be easily 
recycled through a charging process in Na ion containing aqueous solution, such as seawater. Figure 4-
12A shows an oxidation rotating disk electrode (RDE) profile for examining whether CO2 was 
reproduced during a charging process. Generally, the charging process is regarded as the opposite 
reaction of the discharging reaction. In this work, however, the generated H2 gas from the discharging 
process is naturally removed on the surface of electrode and thus the oxidation reaction proceeds in the 
oxygen evolution reaction (OER) from the water oxidation (Equation 6).
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2H2O → O2(g) + 4H
+ + 4e-                     Eo = 1.229 V                  (6)
The oxidation curve corresponding to OER (Kim et al., 2016; Bu et al., 2017), observed in a CO2-
saturated NaOH solution near of 1.0 V vs. Ag/AgCl (from the Nernst equation, the OER potential can 
be calibrated by 0.0592 V × pH). Additionally, the qualitative GC profiles indicates that O2 was 
generated during the oxidation process (Figure 4-13 and 4-14). In Figure 4-14, As shown in Figure 4-
13, the GC profile reveals the gas contains O2, CO2, N2. This raw data of GC intensity profiles is 
Figure 4-10 XRD profiles of the soluble product after discharge reaction obtained by various 
drying conditions. (A) Dried at room temperature. Because non-marine evaporites precipitate 
in different proportions of chemical elements from those found in the aqueous environments, 
three different minerals (nahcolite: NaHCO3, thermonatrite: Na2CO3·H2O, and trona: 
Na2CO3·NaHCO3·2H2O) are naturally obtained. (B) Dried at 70 
oC oven. Only Na2CO3 is 
formed when dried at high temperature.
Figure 4-11 The experimental CO2 conversion efficiency. (A) Theoretical CO2 conversion rate 
at current of 100 mA. (B) The quantitative GC profiles of outlet CO2 gas during practical 
measurement condition for different inlet CO2 flow rate of 23.0 mL min
-1.
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obtained and total gas, and each gas component profiles are indicated. The total gas is obtained in order 
of GCounts (1.25 × 109). For O2, it obtained in almost same intensity (1.25 × 109). For CO2, however, 
the intensity is obtained in 7.0 × 107, revealing the intensity is significantly smaller than that of O2 (~ 2 
order difference). Because the measuring is conducted in CO2 purged aqueous electrolytes, the 
dissolved CO2 could be generated. In the case of N2, a bit more intensity is obtained in 3.0 × 108. Since 
N2 cannot be produced in any electrochemical oxidation reactions, it is arisen from the inflow of air 
during measuring process. Therefore, the evolved gas during charging process is confirmed to be O2.
We also furtherly investigated the oxidation profiles in seawater, which present the typical chlorine 
evolution reaction (Kim et al., 2015) instead of OER (Figure 4A). It is noteworthy that the charging 
process does not generate CO2 which had already been consumed during discharge, as opposed to the 
conventional metal-CO2 battery system, which emits CO2 during the charging process (Zhang et al., 
Figure 4-12 (A) Anodic RDE profile of Pt/C+IrO2 catalyst measured in CO2-saturated 0.1 M 
NaOH and seawater at 10 mV s-1, where Pt as a counter electrode and Ag/AgCl electrode as a 
reference electrode. (B) Discharge-charge profiles measured in three-electrode configuration 
using Ag/AgCl reference electrode at 100 mA g-1. (C) Charge-discharge profiles at various 
current densities under CO2 saturated 0.1 M NaOH and seawater. (D) Cyclic charge-discharge 
performance measured in CO2-saturated 0.1 M NaOH and seawater at a current density of 
200 mA g-1 for 700 hours.
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2015; Qie et al., 2017; Hu et al., 2016; Al Sadat and Archer, 2016). The discharge-charge performance 
of this system was evaluated in the three-electrode configuration using Ag/AgCl reference electrode to 
closely distinguish the potential applied on the cathode and anode (Figure 4B). Since a cell potential 
(Ecell) is defined as a potential difference of cathode and anode (Ecathode - Eanode), the potential gap 
decreases during discharging and increases at charging process. During repeating discharge-charge 
process, the cathode potential profile (Ecathode) presents discharging and charging plateau, clearly 
proving that this system is rechargeable. Further, the charge-discharge profiles at various current 
densities under CO2-saturated NaOH solution and seawater are examined. Cyclic charge-discharge 
performance was evaluated to verify its reversibility and reproducibility (Figure 4-12D). Both of cyclic 
performances were highly reproducible and obtained without variations over a period of 700 hours, 
indicating that H2 is stably produced utilizing CO2 and that the cathode was kept fresh, without clogging 
or damage, during a repeating discharge and charge process.
4.4.Conclusions
In summary, we have devised hybrid Na-CO2 cell utilizing CO2 as a useful resource. This new system 
has three distinctive advantages. First, it uses a kinetically fast HER as a discharge reaction thanks to a 
spontaneous CO2 dissolution, enabling the provision of high current compared to present aprotic system. 
Second, unlike conventional aprotic CO2 batteries, where solid products are clogged on the electrodes, 
this system can continuously produce gas-phase hydrogen during discharge without damaging the 
electrode. This ability enabled highly stable performance to be achieved over 1,000 hours. Third, the 
proposed system has the unprecedented great advantage of not regenerating CO2 while recycling Na 
metal through charging process. Therefore, this hybrid Na-CO2 cell truly fulfills the purpose of a real 
CCUS technology, as it consumes CO2 efficiently throughout the process. This novel system could 
potentially serve as a new CO2 utilization technology and a stepping stone for the future utilization of 
renewable energy technologies.
Figure 4-13 The GC profile of generated gas during the oxidation process.
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We have devised hybrid Na-CO2 cell utilizing carbon dioxide as a useful resource. Although we have 
utilized hydrogen evolution reaction as facile cathodic reaction rather than oxygen reduction reaction 
in aqueous electrolyte, we could not exclude that the discharge reaction of hybrid Na-CO2 cell is relative 
slow rate because of the low conductivity of the ceramic NASICON electrolyte which can allow only 
Na+ ion to pass through. The present work indicates the novel hydrogen generation technology from 
CO2 utilization and is meaningful in that proves the additional CO2 dissolution during the discharge 
process, but further work is required to improve the CO2 conversion efficiency and power densities of 
the hybrid Na-CO2 cell.
Figure 4-14 Raw data of gas chromatography profiles of evolved gas during charging process.
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Chapter  5 Highly Efficient CO2 Utilization via Novel Aqueous Zn or Al-
CO2 Systems for H2 and Electricity Production
This chapter has been published and has been cited in the thesis by co-author C. Kim.
Reproduced with permission from C. Kim, J. Kim, S. Joo, Y. Yang, J. Shin, M. Liu, J. Cho, G. Kim, 
Angew. Chem. Int. Ed 2019, 58, 9506-9511.
5.1. Introduction
Carbon dioxide (CO2), a greenhouse gas released largely by human activities, has important impact on 
the planet’s balance of land, ocean, and air temperatures.[1] The trend of global warming is particularly 
alarming because it has been accelerated at an unprecedented rate in recent decades.[2] Accordingly, 
considerable efforts have been devoted to carbon capture, utilization, and storage/sequestration (CCUS) 
in an effort to reduce carbon footprint or to reuse CO2 as a resource.[3] For instance, various chemical 
processes have been proposed to convert CO2 to value-added carbon compounds such as methanol, 
organic materials, and plastics.[4] Also, there have been a few attempts to convert CO2 to electrical 
energy using aprotic metal-CO2 batteries.
[5] The economic feasibility of the proposed conversion 
processes, however, is still inadequate due to low conversion efficiency.[6] Meanwhile, there is 
increasing global demand for hydrogen (H2), a clean energy source, to be used as a promising alternative 
energy source to finite fossil fuels.[7] However, it has been pointed out that H2 is mainly produced by a 
hydrocarbon thermolysis (e.g., steam methane reforming) releasing a significant amount of CO2 and an 
energy-intensive water electrolysis process.[8] Here we report a new zinc- or aluminum-CO2 (Zn/Al-
CO2) system that can efficiently produce H2 and electrical energy by consuming CO2. The dissolution 
of CO2 in an aqueous electrolyte is thermodynamically spontaneous and forms carbonic acid. By 
adopting kinetically efficient hydrogen evolution reaction (HER) utilizing the acidity of CO2 as a 
cathodic reaction, this novel system could simultaneously generate electricity and H2 driven by the 
electrochemical oxidation of Zn or Al metals. In addition, in-operando gas chromatograph 
measurements have demonstrated that our aqueous cell could perform comparable discharge rate to 
conventional Zn/Al-air cells with continuously utilizing CO2. Thus, these Zn/Al-CO2 systems have 
potential for efficient CO2 removal, power and hydrogen generation in the era of pursuing a clean energy 
source.
5.2.Experimental
5.2.1. Catalysts preparation and characterization techniques
The 20wt.% Pt/C (Pt/C) and the few layer graphene, P-ML20, (FL-graphene) were purchased at Sigma-
Aldrich and Sphere Advanced Materials Corp., respectively. PrBa0.5Sr0.5Co1.5Fe0.5O5+  (PBSCF) was 
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synthesized by typical sol-gel process. Stoichiometric amounts of metal nitrate precursors and citric 
acid were dissolved in distilled water to form an aqueous mixed solution. An adequate amount of poly-
ethylene glycol was added into the beaker after the mixture was dissolved. All chemical reactants were 
purchased from Sigma-Aldrich. After a viscous resin was formed, the solution was heated to 300 oC. 
The resultant powder was pre-calcined at 600 oC for 4 hours followed by calcination at 950 oC for 4 
hours. Then, the powder was milled in a planetary ball mill (PM-200, Retsch Co., Germany) using Zr-
balls at 400 rpm for 4 hours. The microstructure of the prepared catalysts was examined by scanning 
electron microscopy (SEM, Nova FE-SEM). The transmission electron microscopy (TEM) images were 
obtained using a high resolution-TEM (JEOL, JEM-2100F). The structural identification of the catalysts 
was conducted by X-ray powder diffraction (XRD) (Bruker diffractometer, Cu Kα radiation) at a scan 
rate of 1 o min-1. The obtained patterns were analyzed using JADE 6.5 software. The generated gas from 
discharge (H2) was collected with three-electrode configuration (Pt as a counter and Ag/AgCl as a 
reference electrode) in CO2-saturated 1 M KOH and seawater by water substitution method using U-
shaped tube. Then the gas was analyzed by gas chromatograph (Agilent 2820A GC instrument) with a 
thermal conductivity detector (TCD) and a packed column (Agilent carboxen 1000). The gas was 
controlled using a mass flow controller (Atovac GMC1200) and the exact volume of gas was calibrated 
through a bubble flow meter.
5.2.2. Half-cell analysis
Half-cell measurements were proceeded in three-electrode configuration using a platinum wire was 
used as both of working electrode and counter electrode with Ag/AgCl (saturated KCl filled) reference 
electrode in 1 M potassium hydroxide (KOH, Sigma-Aldrich Co.) aqueous solution and seawater (taken 
from sea of Ulsan and filtered to remove visible impurities). To estimate pH and hydrogen evolution 
potential, a reversible hydrogen electrode (RHE) calibration was conducted in H2-saturated solutions 
where platinum wires were used as the working, counter electrodes and Ag/AgCl as a reference 
electrode at a scan rate of 1 mV s-1. The rotating disk electrode (RDE) tests were conducted by using 
catalysts of Pt/C, PBSCF, and FL-graphene on RRDE-3A (ALS Co.). Each catalyst was prepared into 
a catalyst ink by dispersing 10 mg of the catalyst in 1 mL of a binder solution (45 : 45 : 10 = ethanol : 
isopropyl alcohol : 5 wt.% Nafion solution (Sigma-Aldrich Co.), volumetric ratio) followed by a bath 
sonication process. For PBSCF, 10 wt.% of KB (Ketjen black EC-600JD) was included as a conductive 
additive, i.e., 9 mg of PBSCF and 1 mg of KB used. Then, RDE profiles were measured by drop-coating 
5 mL of the catalyst ink onto glassy carbon disk electrode, where area is 0.1256 cm2, at a scan rate of 5 
mV s-1. All half-cell profiles were iR compensated by measuring the resistance of solution (1 M KOH, 
CO2-saturated 1 M KOH). All electrochemical tests were carried out using Biologic VMP3.
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5.2.3. Full-cell measurements
The zinc- and aluminum-CO2 system is tested in H-type cell. Zn and Al metal (purity higher than 
99.99 %) were purchased at Alfa Aesar Co.. The system is composed of Zn or Al metal / alkaline 
electrolyte / glass membrane / quasi-neutral electrolyte / cathode. For the alkaline electrolyte, 6 M KOH 
and 4M NaOH aqueous solution was used for Zn and Al system, respectively. For glass membrane, a 
porous grade of G4 membrane was used. For the quasi-neutral electrolyte, CO2-saturated 1 M KOH and 
seawater was used. The cathode was prepared by electro-spraying the catalyst ink onto a gas-diffusion 
layer (Toray carbon paper TGP-H-090, Fuel Cell Store Co.) with a loading density of 2 mg cm-2. And 
silver wire was used as a current collector. The current density was normalized with the geometric area 
of the catalysts. For the calculation of practical H2 generation and CO2 conversion efficiency, Zn-CO2
cell was adopted. All electrochemical tests were conducted using Biologic VMP3.
5.3.Result and discussion
5.3.1. The proposed aqueous Zn- or Al-CO2 system and its reaction mechanism
As schematically illustrated Figure 5-1, the aqueous Zn- or Al-CO2 (Zn/Al-CO2) system uses safe, low-
cost, and naturally abundant Zn and Al as the anode, which can run continuously as long as metals and 
CO2 are supplied to the two electrodes, respectively. The Zn or Al metal anodes are kept in an alkaline 
electrolyte to allow facile and continuous electrochemical reaction. To maintain electrical neutrality 
within the cell, a glass membrane was employed to connect the two aqueous electrolytes. The cathodic 
reaction occurred under a quasi-neutral condition of CO2-dissolved aqueous solution. To understand the 
complex reactions on this system from the CO2 dissolution, the simultaneously occurring overall 
reaction was subdivided into the chemical reaction and the electrochemical reaction. The chemical 
reaction of CO2 dissolution can be expressed as follows:
Figure 5-1 Schematic illustration of aqueous Zn- or Al-CO2 systems and their reaction 
mechanism.
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CO2(aq) + H2O(l) ⇌ H2CO3(aq),     Kh = 1.70 × 10-3          (1)
H2CO3(aq) ⇌ HCO3
-(aq) + H+(aq),         pKa1 = 6.3            (2)
When CO2 is purged into an aqueous solution (e.g., distilled water, seawater, or KOH solution), CO2
molecules spontaneously dissolve to form carbonic acid (H2CO3(aq)) determined by the hydration 
equilibrium constant[9] (Kh = 1.70 × 10-3 for a standard state condition in pure water) (Eq. (1)). 
Afterwards, the carbonic acid dissociates into HCO3
- and H+ is determined by the first acid dissociation 
constant[10] (pKa1 = 6.3) (Eq. (2)). Because carbonic acid is a polyprotic acid dissociating multiple steps, 
the second acid dissociation step (i.e., HCO3
-(aq) ⇌ CO3
2-(aq) + H+(aq), pKa2 = 10.32) needs to be 
considered.[10] However, the second acid dissociation constant is significantly smaller than the first (Ka1
>> Ka2) and is, hence, negligible for the pH calculation. This spontaneous CO2 dissolution contributes 
to the acidification of the aqueous solution and lowering the pH level. The detailed CO2 dissolution 
mechanism is available at Text 1. 
The electrochemical reactions are composed of metal oxidation at the anode and hydrogen evolution on 
the cathode:
Anodic reactions:
Zn- system:   Zn + 4OH- → Zn(OH)42- + 2e-    Eo = -1.25 V  (3)
Al- system:   Al + 3OH- → Al(OH)3 + 3e
-       Eo = -2.31 V   (4)
Cathodic reaction: 
2H+ + 2e- → H2(g)                          Eo = 0.00 V (5)
The anodic reaction is the electrochemical oxidation of Zn or Al metals in an alkaline electrolyte (Eq. 
(3) and (4)).[11] The cathodic reaction, hydrogen evolution reaction (HER), is closely affected by the 
pH of the aqueous solution (Eq. (5)). Unlike typical water splitting working in a strongly acidic or 
alkaline electrolyte, the HER in this study was proceeded in a quasi-neutral environment (pH ~7) 
formed by dissolving CO2 in KOH solution or seawater. From the Nernst equation, HER potential is 
determined by pH and negatively shifted by 0.0592 V × pH. The acidity from CO2 renders a favorable 
electrochemical reaction environment by acidifying the aqueous solution. The hydrogen evolution 
potential according to pH is shown in Figure 5-2. Then, the alkali metal bicarbonate is formed from the 
reaction of the dissolved bicarbonate ion and the transferred alkali metal ion to maintain the charge-
neutrality of system (Eq. (6)).
HCO3-(aq) + K+(aq) → KHCO3(aq)                          (6)
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Text 1. CO2 dissolution mechanism in an aqueous solution
The quantity of dissolved CO2 depends on the partial pressure of CO2 according to Henry’s Law (pCO2, atm). The 
partial pressure of CO2, pCO2, is given as 3.5 × 10-4 atm at standard state conditions (1 atm, 25°C). From Henry’s 
law constant of 29.76 L atm mol-1, the dissolved CO2(aq) can be calculated to be 1.18 × 10-5 mol L-1 (Eq. (1)) [1].
CO2(gas) ⇌ CO2(dissolved),   = (kH = 29.76 L atm mol-1)                  (1)
When dissolved CO2(aq) hydrates, the spontaneous chemical equilibrium of CO2(aq) hydration forms carbonic 
acid (H2CO3(aq)) determined by the hydration equilibrium constant [2] (Kh = 1.70 × 10-3). The concentration of 
H2CO3(aq) is determined as 1.41 × 10-8 mol L-1 (Eq. (2)).
CO2(aq) + H2O(l) ⇌ H2CO3(aq),   Kh = 1.70 × 10-3                         (2)
Then, carbonic acid dissociates into HCO3- and H+ as presented in Eq. (3). Because the concentration of both 
carbonic acid and dissolved CO2 are considered, Ka1 = 4.46 × 10-7, the apparent acid dissociation constant [3], is 
used for the first acid dissociation step.
H2CO3(aq) ⇌ HCO3-(aq) + H+(aq),   pKa1 = 6.35 (3)
Because carbonic acid is a polyprotic acid, the second acid dissociation step (Eq. (4)) is also considered. 
HCO3-(aq) ⇌ CO32-(aq) + H+(aq),   pKa2 = 10.33 (4)
From the second acid dissociation constant of Ka2 = 4.69 × 10-11, [HCO3-(aq)], [CO32-(aq)], and [H+(aq)] can be 
calculated to be 2.29 × 10-6, 4.69 × 10-11, and 2.29 × 10-6, respectively. Then, the pH of the CO2 dissolved solution 
is 5.64, confirming that CO2 dissolution acidifies the dissolved solution.
However, the second acid dissociation constant is significantly smaller than the first acid dissociation constant 
(Ka1 >> Ka2), hence negligible to consider the second acid dissociation step when calculating the concentration of 
protons in the aqueous solution. If only the first acid dissociation step was considered, the pH can be determined 
as 5.64. Therefore, the first acid dissociation step, i.e., H2CO3(aq) ⇌ HCO3-(aq) + H+(aq), is the dominant step to 
raising [H+(aq)] during the CO2 dissolution process in water.
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Figure 5-2 Hydrogen evolution potential according to a pH of aqueous solution. Hydrogen 
evolution potential is closely correlated to the pH value and follows the equation, E (V vs. SHE) 
= 0.000 – 0.0591 × pH and E (V vs. Ag/AgCl) = -0.197 – 0.0591 × pH. (a) Schematics diagram 
of hydrogen evolution potential related to pH. RHE calibration profile corresponding to 
hydrogen evolution potential measured in (b) 1 M KOH (c) CO2 saturated 1 M KOH (d) 
seawater and (e) CO2 saturated seawater.
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5.3.2. Half-cell configured electrochemical analysis
The electrochemical profiles were closely examined on Pt-wire electrode using cyclic voltammetry (CV) 
(Figure 5-3a) under various gas saturated conditions. An apparent oxygen reduction peak appeared near 
-0.15 V (vs. Ag/AgCl) in O2-saturated 1 M KOH, corresponding possibly to oxygen reduction reaction 
(ORR) on Pt electrode.[12] The typical diffusion-controlled region with the limiting current was observed 
near -0.4 V from O2 mass transfer limitation in the ORR profile.
[11c,12b] At the lower potential region, 
the steep reduction profiles were observed around -1.05 V of the O2- and N2-saturated conditions 
corresponding to typical hydrogen evolution reaction (HER).[13] In contrast, for CO2-saturated condition, 
the onset potential of HER shifted positively by 0.4 V due to decreased pH from the CO2 dissolution. It 
is notable that, contrary to typical ORR profile, the HER profiles present the sharply increasing 
reduction curves without a diffusion-controlled region. To gain in-depth insights into the 
electrochemical reactions, Tafel plots derived from polarization curves are also constructed (Figure 5-
3b). Because ORR is regarded as one of the most complex electrochemical reactions, simultaneously 
Figure 5-3 Half-cell configured reduction profiles. A reference potential is described with 
Ag/AgCl instead of RHE for the clarification of potential difference in a relationship between 
purging gases and pH. (a) Cathodic CV profiles measured in O2, N2, and CO2-saturated 1 M 
KOH at 10 mV s-1, where Pt-wire is a working and counter electrode. (b) Tafel analysis of the 
cathodic profiles. (c) RDE polarization curves for various catalysts measured in CO2-saturated 
1 M KOH. (d) Tafel plots derived from the RDE profiles.
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involving 4 electrons with 2 reactants (O2 and H2O), the reaction kinetics is sluggish even on a Pt 
electrode as obtained to be 51 mV dec.-1. By contrast, HER only involves 2 electrons with 1 reactant 
(H+ or H2O depending on pH) and presents a low Tafel slope of 27 mV dec.-1, suggesting that the HER 
pathway is followed by the Volmer-Tafel mechanism.[13f,13g,14] Thus, this reduction reaction involving 
CO2 dissolution notably contributes to the improvement of the reaction potential and kinetics, enabling 
adoption as a highly efficient cathodic reaction for the novel Zn- or Al-CO2 systems. 
To examine HER activities under the quasi-neutral environment for various catalysts, rotating disk 
electrode (RDE) polarization curves were acquired (Figure 5-3c) and Tafel plots were presented 
(Figure 5-3d). We adopted PrBa0.5Sr0.5Co1.5Fe0.5O5+  (PBSCF), which reported to be active HER 
Figure 5-4 (a) XPS spectra of PBSCF; (b) O 1s, (c) Pr 3d, (d) Co 2p and Ba 3d, (e) Sr 3d, (f) Fe 
2p.
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catalyst in alkaline media,[13f,15] few-layer graphene (FL-graphene), which has been extensively studied 
as an HER catalyst in an acidic media,[14a,16] and Pt/C, commonly used as a referencing catalyst. Pt/C 
exhibits superior HER activity under CO2-saturated condition with the onset potential of -0.65 V and 
Tafel slope of 34 mV dec.-1, corresponding well to the value observed in Pt-wire electrode (Figure 5-
3a) and RHE calibration profile (Figure 5-2). PBSCF displays active hydrogen evolution profile in the 
quasi-neutral environment from high lattice oxygen concentration and partially oxidized cobalt species 
as examined in X-ray photoelectron spectroscopy (XPS) profiles (Figure 5-4) with the onset potential 
of -0.9 V and Tafel slope of 49 mV dec.-1, suggesting the Volmer- Heyrovsky as the HER 
pathway.[13f,13g,14] While FL-graphene shows a slightly negative-shifted polarization curve at -1.1 V, its 
current density increases rapidly owing to its defects and edges of basal plane reported as the active 
catalytic center for HER with the Tafel slope of 120 mV dec.-1.[16a] These performance profiles imply 
significance in terms of the electrochemical reaction occurring under the quasi-neutral condition 
because typical water splitting is performed either in strongly acidic or alkaline electrolytes. Actually, 
a quasi-neutral condition (pH ∼7) can provide a less corrosive environment and could allow a potential 
adoption of abundant and non-noble metal-based electrocatalysts. In addition, the continuous hydrogen 
evolution deriving a pH increase could be compensated via an additional dissolution of CO2 so that the 
pH level remains constant.
Figure 5-5 The digital photograph of Zn- or Al-CO2 system
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5.3.3. Electrochemical performances and in-operando quantitatively analysis
By adopting this new reaction environment, herein the actual working performance of Zn- and Al-CO2
systems were evaluated. The digital photograph of cell system can be seen at Figure 5-5. The full cell 
Figure 5-6 Zn- and Al-CO2 systems performance. Full cell tests were conducted in three-
electrode configuration using Ag/AgCl reference electrode. The polarization I-V profiles were 
measured under CO2-saturated 1 M KOH for various catalysts for (a) Zn-CO2 system and (b) 
Al-CO2 system. (c) Comparison of maximum power density and corresponding current density 
for various metal-CO2 cells. (d) Chronopotentiometric reduction profiles at 5 mA cm
-2 in CO2-
saturated 1 M KOH for Zn-CO2 system (above) and Al-CO2 system (below). (e) The in-
operando qualitative GC profiles of outlet CO2 feed gas before and during discharging at 100 
mA under CO2-saturated 1 M KOH (above) and seawater (below). The enlarged areas near 12 
min indicating the amount of converted CO2 is shown as the insets.
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tests were conducted in three-electrode configuration using Ag/AgCl reference electrode to distinguish 
the overall cell reaction into the cathodic and anodic reactions. Figure 5-6a presents the polarization 
curves for Zn-CO2 systems based on various catalysts. The lowermost curves (dashed lines) denoted 
Eanode indicate the oxidation I-V profiles of Zn anode, revealing that the anode potentials are achieved 
reproducibly for all catalysts. The open-circuit voltage (OCV) for Pt/C is determined to be around 0.9 
V from the difference between the anodic OCV (Zn oxidation potential) and the cathodic OCV (HER 
potential) at -1.5 V and -0.6 V vs. Ag/AgCl, respectively. As observed from the polarization profiles, 
the maximum current densities achieved were 48.3, 91.3, and 216.5 mA cm-2 for FL-graphene, PBSCF, 
and Pt/C, respectively. Notably, the maximum power density for Pt/C is measured to be 39.1 mW cm-2
at 106.6 mA cm-2. This performance indicates that this Zn-CO2 system has a facile and highly efficient 
cathodic reaction compared to the highest performance reported for the metal-CO2 cells (i.e., Zn-CO2 
cell based on CO2-HCOOH interconversion: 5.5 mW cm
-2 at 11 mA cm-2).[5j] The polarization I-V
profiles obtained at the various catalyst loading density and concentration of KOH solution are 
presented in Figure 5-7. It is important to note that this cell consumes CO2 to generate not only electrical 
energy but also H2 gas under the quasi-neutral condition (Note: H2 is a byproduct during discharge 
Figure 5-7 The polarization I-V profiles obtained at the various catalyst loading density of 1, 
2, and 3 mg cm-2 for (a) Pt/C, (b) PBSCF, (c) FL-graphene, (d) KB.
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process). 
The polarization discharge curves for Al-CO2 system are presented in Figure 5-6b. The Al-CO2 system 
has a slightly higher OCV (1.3 V) than that of the Zn-CO2 system (the oxidation of Al was observed at 
-1.9 V vs. Ag/AgCl). As similarly observed in the Zn-CO2 system, the oxidation I-V profiles of Al anode 
are also achieved reproducibly for all catalysts. For the Al-CO2 system, the maximum current densities 
achieved were 87.3, 305.3 and 532.1 mA cm-2 for FL-graphene, PBSCF, and Pt/C, respectively. 
Surprisingly, the highest electrochemical performance was obtained at a maximum power density of 
125.4 mW cm-2 at 254.3 mA cm-2 for Pt/C catalyst, far superior to the best performance reported for the 
metal-CO2 systems; i.e., Zn-CO2 cell based on CO2-HCOOH interconversion of 5.5 mW cm
-2 at 11 mA 
cm-2.[5j] For direct comparison, the maximum power density (Pmax) and the corresponding current 
density (Jcorr) of various metal-CO2 cells in the literatures[5] were presented in Figure 5-6c. The 
performances of both Zn- or Al-CO2 systems are clearly better than those of the conventional aprotic 
metal-CO2 systems
[5a-5i]. Interestingly, it has been observed that the performances of our systems are 
comparable to those of Zn- or Al-air cells which have been actively studied as promising representatives 
of metal-air batteries.[11]
To investigate the stability and durability of this system, the chronopotentiometric profiles on a 
mechanically rechargeable Zn/Al-CO2 system were examined at current density of 5 mA cm-2 (Figure
5-6d). For the Zn-CO2 system, as similarly observed in the polarization profiles of Figure 5-6a, Pt/C, 
PBSCF, and FL-graphene presents 0.84, 0.54, and 0.30 V, respectively, for 10 hours. For the Al-CO2
system tested under the same conditions, the discharge voltages were slightly higher: 1.11, 0.83, and 
0.63 V for Pt/C, PBSCF, and FL-graphene, respectively. The discharge profiles measured at high current 
densities (10 and 50 mA cm-2) more than 50 hours for Zn/Al-CO2 systems using Pt/C are shown in 
Figure 5-8 Discharge profiles measured at the current density of 10 and 50 mA cm-2 for (a) Zn-
CO2 and (b) Al-CO2 cell using Pt/C catalyst. The discharge profile of Al-CO2 cell in this figure 
was measured by using a low purity Al plate (Al plate, alloy 6061, Alfa-aesar Co.) rather than 
the high purity Al foil (99.99 %) because a self corrosion rate of thin Al foil is too fast.
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Figure 5-8. It is notable that all profiles have shown in plateau without significant degradation, 
indicating a stable generation of a gas phase H2 and electricity. In other words, there is no clogging or 
physical damage on the electrode during continuous operation as examined from scanning electron 
microscopy images of Pt/C, PBSCF, and FL-graphene (Figure 5-9, 5-10, and 5-11), unlike existing 
aprotic metal-CO2 cells which have solid products, such as Li2CO3(s) or Na2CO3(s) on electrodes during 
discharge.[5a-5i] Also, the discharge profiles were further investigated in CO2 dissolved seawater 
electrolyte, an environment similar to the natural condition for removing atmospheric CO2 (Figure 5-
12). The performance profiles measured in CO2-saturated seawater for Zn- and Al-CO2 systems were 
obtained at 0.77 and 1.00 V for Pt/C, respectively, indicating also active and stable performance. 
Consequently, this finding confirmed that the dissolution of CO2 led to a favourable HER environment 
in both KOH solution and seawater. 
To identify the continuity of this system, the H2 generation and CO2 conversion rate were 
simultaneously analysed by the quantitative gas chromatography (GC) measurement in-operando
condition. The Faraday efficiency of H2 generation and the practical CO2 conversion efficiency were 
investigated. Figure 5-6e presents the in-operando quantitative GC profiles measured at a discharge 
current of 100 mA using CO2-saturated 1 M KOH and seawater based on the Zn-CO2 system 
configuration. During the measurement CO2 was purged at bottom side of the electrolyte. The blue- and 
red-coloured areas shown in the inset of Figure 5-6e indicate the converted amount of CO2 during 
discharging reaction in CO2-saturated 1 M KOH and seawater, respectively. Only pure CO2 gas was 
detected from the outlet gas before discharging the system. When the system is discharged, the pure H2
was detected without any other impurities and the amount of CO2 feed gas was decreased both under 
CO2-saturated 1 M KOH and seawater as shown in Figure 5-6e and Figure 5-13. The actual amount of 
generated H2 and converted CO2 during the cell operation under CO2-saturated 1 M KOH were 
measured to be 0.681 and 0.790 mL min-1, respectively. Since the theoretical H2 generation rate was 
calculated as 0.696 mL min-1 at a current of 100 mA, the Faraday efficiency of H2 generation was 
determined to be 97.9 % under CO2-saturated 1 M KOH solution, confirming the efficient H2 generation 
of this system. Then, the CO2 conversion efficiency of the in-operando condition was evaluated to be 
56.8 % due to the theoretical CO2 conversion rate of 1.39 mL min-1. Therefore, this GC profile clearly 
indicates that the additional CO2 dissolution proceeds during the discharge process. Also, the H2
generation and CO2 conversion rates were similarly observed under CO2-saturated seawater (Figure 5-
6e). The Faraday efficiency and the CO2 conversion efficiency were 94.5 and 52.6 %, respectively. 
Again, these in-operando GC profiles clearly demonstrate that the proposed system could continuously 
utilize CO2 to produce H2 and electrical energy. Further, the reversibility of this system was investigated 
and the system is revealed to be rechargeable under both CO2-saturated KOH solution and seawater.
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Figure 5-9 SEM images of Pt/C catalyst loaded carbon paper electrode before and after tests 
in Zn- and Al-CO2 systems. (a) and (b) SEM images of Pt/C electrode before tests. (c) Energy 
dispersive X-ray spectroscopy (EDX) image of the electrode before tests. Corresponding 
elements mapping images for (d) carbon (e) oxygen and (f) platinum. (g) and (h) SEM images 
of Pt/C electrode after tests. (i) EDX image of the electrode before tests. Corresponding 
elements mapping images for (j) carbon (k) oxygen and (l) platinum.
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Figure 5-10 SEM images of PBSCF loaded electrode. (a) SEM image of PBSCF catalyst 
electrosprayed carbon paper electrode examined before a test (b) after electrochemical test. 
(c) and (d), enlarged images of (a) and (b), presenting PBSCF loaded carbon fiber tissue of 
carbon paper electrode.
Figure 5-11 SEM images of FL-graphene loaded electrode. (a) SEM image of FL-graphene 
catalyst electrosprayed carbon paper electrode examined before a test, (b) after 
electrochemical test. (c) and (d), enlarged images of (a) and (b), presenting FL-graphene 
loaded carbon fiber tissue of carbon paper electrode.
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5.3.4. Structural analysis of product and feed gas after long-term stability test 
We examined the continuity of the system when the electrolyte is saturated with the carbonate ions. The 
electrochemical profiles were investigated when the system approaching the saturation condition. When 
discharge reaction continues, CO2 can be further dissolved, and carbonate ions can be accumulated. 
Since CO2-saturated 1 M KOH includes approximately 1 mol CO2 in 1 L (i.e., ∼1 M KHCO3 solution), 
two- or three-times accumulation of carbonate from continuous electrochemical reaction will produce 
2 or 3 M KHCO3 solution. Then, we investigated the solution resistance in the concentrated carbonate 
solution (Figure 5-14e) and the HER profiles (Figure 5-14f) to examine the effect of carbonate ion 
accumulation. As observed from HER profiles, the increased carbonate ions concentration in the 
solution preferably contributes to the increased HER activities owing to the decreased solution 
resistance, indicating that the system is sustainable under the concentrated carbonate conditions.
When discharge reaction continues, the pH increases due to H+ removal due to H2 generation, and CO2
can be further dissolved. To understand the effect of carbonate ion accumulation on pH, the causal 
relationship needs to be considered first. The accumulation of carbonate ions occurs only in an 
environment where pH is elevated due to the continuous hydrogen evolution reaction (HER). In other 
words, the accumulation of carbonate ions does not affect the pH, but the increase of pH causes 
additional dissolution of CO2, restoration of pH, and accumulation of carbonate ions. It can also be 
assumed that the maximum carbonates ion solubility is reached by a continuous electrochemical 
reaction. CO2-saturated 1 M KOH includes approximately 1 mol CO2 for 1 L (i.e., ~1 M KHCO3
solution). When CO2 is dissolved 2 or 3 times more by accumulation of carbonate from continuous 
electrochemical reaction, then the solution concentration will be 2 or 3 M KHCO3 solution. We 
investigated the solubility of KHCO3 as shown in Fig. S20, which means that it is still possible to 
furtherly dissolve CO2 in 1 M KHCO3 solution. Thus, the effect from solubility of CO2 can be excluded. 
Figure 5-12 Chronopotentiometric discharge profiles of Zn- and Al-CO2 systems measured 
under CO2 saturated seawater.
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In terms of reaction efficiency, i.e., the efficiency of HER, it can be understood as follows. Because the 
H2 production rate is directly related to the magnitude of the current, the performance of the HER is 
influenced by the activity of the catalyst, the pH of the solution, and the resistance of the solution. The 
effect from the activity of the catalyst can be excluded because it depends on the catalyst itself. Thus, 
we have examined the pH of various KHCO3 aqueous solution as shown in Figure 5-14.
In this regard, the continuity of CO2 conversion and H2 generation were investigated when the 
electrolyte is completely saturated with carbonate ions, i.e., 3.4 M KHCO3 solution (∼3.4 M is known 
as the maximum solubility) (Figure 5-15a). The red-coloured area shown in the inset of Figure 5-15a
indicates the amount of converted CO2 during a discharge reaction. Interestingly, H2 generation and 
CO2 conversion were still observed even the electrolyte solution is fully saturated with carbonate ion 
species. The H2 generation and CO2 conversion rate were 0.668 and 0.669 mL min-1, respectively and 
the Faraday and CO2 conversion efficiency were 96.3 and 48.0 %, respectively. This finding indicates 
that the H2 generation by the CO2 conversion still occurs even after the complete saturation with 
carbonate ions during the discharge process. Hereat, interestingly, the precipitation of a white solid 
product near the cathode was observed during the discharge reaction in the completely saturated 
electrolyte (Figure 5-15b). Then, the white solid was collected by carefully filtering the aqueous 
electrolyte and the crystal structure was analyzed by an X-ray diffractometer (Figure 5-15c). As shown 
in the XRD pattern, the white solid was identified as potassium bicarbonate (KHCO3) containing a little 
amount of potassium carbonate (K2CO3) and the hydrate form (K4H2(CO3)3∙1.5H2O). Therefore, the GC 
profiles (Figure 5-15a) and the precipitation observation (Figure 5-15b) clearly demonstrate that CO2
consumption is sustainable even when the system is completely saturated with carbonate ions.
The large-scale applicability of the system was confirmed using a cell system with 20 times larger scale 
by manufacturing the H-type cell with 1 L volume (Figure 5-16). Figure 5-16c presents the screen 
Figure 5-13 Gas chromatography (GC) profiles of generated gas during discharge process. 
The gas obtained during cathodic reaction proceeded in (a) CO2 saturated 1 M KOH, (b) CO2
saturated seawater
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captured raw data of Zn-CO2 cell performance measured by small H-type cell and large scaled H-type 
cell. The maximum current was achieved at 970 mA for the 20 times larger cell and this value is 18 
times higher than the maximum current achieved by small H-type cell (i.e., 54 mA). These performance 
profiles indicate that this cell system can be operated on a large scale. The H2 gas being actively 
generated from the discharge on the large scaled cell can be seen. Besides, we have confirmed a 
crossover effect on the large scaled cell. This observation further supports the system is sustainable with 
the large scaled cell.
Figure 5-14 RHE calibration profiles for calculating the pH of (a) 0.1 M KHCO3, (b) 0.5 M 
KHCO3, (c) 1 M KHCO3 and (d) 3 M KHCO3. (e) Solution resistance value of 0.1, 0.5, 1.0, and 
3.0 M KHCO3 measured by electrochemical impedance spectroscopy using Pt-wire as a 
working and counter electrode. (f) RDE polarization curves measured at various 
concentration of KHCO3 for Pt/C catalyst.
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5.4.Conclusions
In summary, we have devised new Zn/Al-CO2 systems that utilize CO2 as a useful resource to produce 
electricity and hydrogen gas. As a novel electrochemical reaction, HER utilizing acidity contributed by 
spontaneous dissolution of CO2, was adopted as a cathodic reaction. It simultaneously generates 
electrical energy and H2 from the electrochemical oxidation of Zn and Al metals, which are abundant, 
low-cost, and environmentally friendly. Unlike the sluggish and difficult discharge reaction of the direct 
CO2 reduction in a conventional aprotic metal-CO2 battery, the proposed Zn- or Al-CO2 systems 
adopting a novel HER utilizing CO2 acidity have shown excellent performance of 39 and 125 mW cm-
2, respectively. The in-operando gas chromatograph measurements have demonstrated that the system 
could continuously operate with consuming CO2. These proposed Zn/Al-CO2 systems could potentially 
serve as a new CO2 utilization technology in the era of pursuing a clean energy source
Figure 5-15 (a) The in-operando qualitative GC profiles of outlet CO2 feed gas before and 
during discharging at 100 mA under 3.4 M KHCO3 solution. The enlarged area near 12 min 
indicating the amount of converted CO2 is shown as the inset. (b) A digital photograph of a 
precipitated white solid formed during discharging in the completely carbonate ions saturated 
solution. (c) the XRD profile of the precipitated white solid.
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Figure 5-16 Digital photographs of (a) H-type cell used in this work, (b) newly manufactured 
H-type cell with 20 times larger scale. Typical credit card was presented for comparison the 
size of cell (Any personal information or card number is not shown). (c) Screen captured image 
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Chapter  6 Indirect Surpassing CO2 Utilization in Membrane-free CO2
Battery
This chapter has been published.
Reproduced with permission from J. Kim, A. Seong, Y. Yang, S. Joo, C. Kim, D. H. Jeon, L. Dai, G. 
Kim, Nano Energy 2021, 82, 105741.
6.1 Introduction
Carbon cycle has long been impaired by excess CO2 emissions since the industrial revolution [1,2]. 
Thus, it is essential to develop an electrochemical system to capture or convert CO2 from the air into 
valuable chemicals, materials, fuels, and renewable energy [3]. Until now, however, CO2 capture, CO2
storage and CO2 conversion have required significant energy inputs; it is more important than ever now 
to minimize the energy required for CO2 fixation [4–9]. Metal-CO2 batteries, consisting of a metal (e.g., 
Li, Na, Al, and Zn) electrode and CO2 fixation electrode with an appropriate electrolyte (e.g., organic 
or aqueous form), are emerging as a promising technology to integrate CO2 utilization with metal-air 
batteries [10,11]. In a metal- CO2 battery, the metal component is selected depending on the properties 
of the electrolyte, such as its chemical stability and electrochemical activity towards the metal electrode 
(Figure 1). Metal-CO2 batteries based on organic electrolytes directly convert CO2 feed into a solid 
product (e.g., Li2CO3, Na2CO3, or Al2(CO3)2), which accumulates on the electrode surface to decrease 
the electrode electrochemical activity and hence create a limited discharge capacity [9,12–14]. During 
the charging process, these solid products regenerate CO2 gas, leading to inefficient storage of CO2
feedstock. In contrast, aqueous electrolyte-based metal- CO2 batteries are, in principle, free from the 
solid product accumulation on the electrode surface to facilitate the selective generation of desired 
products through relatively more controllable CO2 reactions. However, an additional membrane is 
needed to maintain the different electrochemical functions between anolyte and catholyte in an aqueous 
metal- CO2 battery, leading to extra complexities for cell fabrication and slow kinetics associated with 
the poor membrane ionic conductivity [2, 4–6,15,16]. Herein, we devised a new method for efficient 
CO2 utilization that overcomes the substantial barrier for charging caused by the solidified product and 
eliminates the complexity of the cell fabrication associated with the membrane. Contrary to previous 
Metal- CO2 batteries, this work suggests the indirect utilization of CO2 from dissolution process in 
neutral condition, which produce the hydrogen gas and carbonate species. Although the Zn, Al or other 
metal electrode (Li, Na) is difficult to obtain the stable electrochemical potential and non-explosive 
properties in neutral electrolyte, in this work, the magnesium-based system showed the stable 





The 20 wt% platinum on active carbon (Pt/AC, Sigma-Aldrich Co.) and IrO2 (Sigma-Aldrich Co.) were 
purchased at Sigma-Aldrich. The commercial alloy metal AZ31 (96 wt% Mg, 3 wt% Al and 1 wt% Zn), 
AZ61 (93 wt% Mg, 6 wt% Al and 1 wt% Zn), and AZ91 (90 wt% Mg, 9 wt% Al and 1 wt% Zn) were 
used as Mg alloy electrode.
6.2.2 Materials synthesis
Ba0.5Sr0.5Co0.8Fe0.2O3-d (BSCF) was synthesized by typical sol-gel process. Stoichiometric amount 
of metal nitrate precursors and citric acid were prepared in distilled water (D.I.). An adequate amount 
of poly-ethylene glycol was added into a metal precursor solution and was mixed for a few hours. After 
a viscous resin was formed, the mixture solution was heated to 300 ◦C. The product powder was 
collected and calcined at 600 ◦C for 4 h followed by sintering at 950 ◦C for 4 h.
Figure 6-1 Schematic configuration and operation principle for each battery system from 
organic to membrane-free battery. Inset: Maximum power density (Pmax) and operating 
current for various metal-CO2 cells.Schematic illustration of aqueous Zn- or Al-CO2 systems 
and their reaction mechanism.
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6.2.3 Characterization techniques
The solid products after the discharge process in CO2-saturated 1 M KOH +_ _1 M NaCl were obtained 
through various drying process such as freeze-drying. The phase identification of the obtained products 
was confirmed by X-ray powder diffraction (XRD) (Bruker diffractometer, Cu Kα _radiation) at a scan 
rate of 1◦ _min  _1. The power patterns were analyzed using JADE 6.5 software. The generated gas 
during discharge process was analyzed by gas chromatograph with thermal conductivity detector (GC-
TCD) utilizing Argon as the carrier gas (GC-2010 Plus, SHIMADZU Co.) using H-type Cell. The gas 
evolved from the charging process was also collected using 450-GC chromatograph and 320-MS 
(Bruker Co.). The morphological analysis of the gas generation electrode before and after the discharge 
process in Mg- CO2 battery was examined by scanning electron microscopy (Nova FE-SEM, FEI Co.). 
Fourier transform infrared (FT-IR) spectra were conducted on a Varian 670.
6.2.4 Half-cell configured electrochemical testing
To estimate pH and hydrogen evolution potential in the solution, a reversible hydrogen electrode (RHE) 
calibration was conducted in H2- saturated solutions where platinum wires were used as the working, 
counter electrodes and Ag/AgCl as a reference electrode at a scan rate of 5 mV s-1. The changed pH 
values corresponding to the CO2 dissolution was carried out using ORION STAR A211 (Thermo Fisher 
Scientific Co.). For all half-cell configured experiments, iR correction was applied by measuring the 
resistance of solution (1 M NaCl + 1 M KOH, CO2-saturated 1 M NaCl + 1 M KOH). In three-electrode 
half-cell measurements for reductive profiles, a 20 wt% platinum on active carbon (Pt/AC) and graphite 
electrode were used as working electrode and counter electrode, respectively, with Ag/AgCl (saturated 
KCl filled) reference electrode in 1 M potassium hydroxide (KOH) and 1 M sodium chloride (NaCl, 
Sigma-Aldrich) in pure water. A rotating disk electrode testing was conducted by using a mixture of 
each catalyst on RRDE-3A (ALS Co.).
6.2.5 Electrode preparation for half-cell testing
The mixture of catalyst was prepared into a catalyst ink by dispersing 10 mg of the catalyst in 1 mL of 
a binder solution (45: 45: 10 =ethanol: isopropyl alcohol: 5 wt% Nafion solution (volumetric ratio) 
followed by a bath sonication process. The RDE profiles were measured by 5 mL of the catalyst ink 
drop-coated glassy carbon disk electrode, where area is 0.1256 cm2, at a scan rate of 10 mV s  _1. For 
oxidative RRDE measurements, the commercial IrO2 was used as a catalyst. All electrochemical tests 
were carried out using Biologic VMP3.
6.2.6 Full-cell measurements
The membrane-free Mg- CO2 battery is composed of Mg metal / aqueous electrolyte / gas evolution 
97
electrode. For the aqueous electrolyte, 1 M KOH +_ _1 M NaCl were used. Full-cell tests were 
conducted in three-electrode configuration using Ag/AgCl reference electrode for detailed 
electrochemical analysis. The gas generation electrode was prepared by drop-coating the catalyst ink 
(Pt/C+_IrO2 ink) onto a gas-diffusion layer (Toray carbon paper, TGP-H-090, Fuel Cell Store Co.) with 
a loading density of 2 mg cm  _2. The current density was normalized with the loading area of the 
catalysts. For the calculation of practical Faradaic efficiency for H2 generation, the Mg- CO2 battery 
was adopted. CO2 gas was excessively purged to prevent the lack of supplement of proton ion from CO2
dissolution (~100 sccm). All electrochemical tests were conducted using Biologic VMP3.
6.2.7 Computational method
We have designed the electrochemical model to predict the discharge performances that are necessary 
for fundamental investigation. Model descriptions can be found in Figure 6-2 and the governing 
equations are given below. For the continuum model, the charges are conserved between the solution 
and solid phases, and can be expressed through the divergence of the current density as 
∇⋅il +∇⋅is = 0
Where il and is are the current density in the liquid solution and solid phase, respectively. These are 
Figure 6-2 Membrane-free Mg-CO2 battery modelling. Three-dimensional electrochemical 
modelling is conducted with mimicking the physical appearance of Mg-CO2 battery system. 
(a) Schematic of Mg-CO2 battery model, (b) Meshes that contain 0.1 million tetrahedral 
elements, (c) Electronic potential distribution at  , (d) Spatial distribution of 
current densities along the magnesium metal length, and (e) Corresponding current density 
distributions in the electrodes.
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governed by Ohm’s law through electronic or ionic potential
is = - σs∇φs
il = - σl∇φl
For the electrochemical reaction, the local current density between the electrode and electrolyte 
interface can be given by the general Butler-Volmer equation as
where = 0.59 10ⅹ 10 A/m2, = 0.2286 10ⅹ 10 A/m2,   = 0.5. 
The activation overpotential for reaction ηact is given by 
In this system, the Mg2+ and HCO3- concentrations become stable after reaching the saturation of 
Mg(HCO3)2(aq). Therefore, the potential drop due to concentration overpotential is not significant even 
with a high current density, which can be confirmed in the polarization profile of Mg- CO2 battery. For 
the species transport, we employ the dilute solution theory as 
We only consider the transport of magnesium ion and hydrogen. (i.e., the production of Mg(HCO3)2(aq) 
and transport of carbon dioxide is not modeled primarily due to the lack of knowledge for the reaction 
mechanism).
6.3 Result and discussion
6.3.1 The proposed battery and electrochemical mechanism
Figure 6-1 shows the newly developed membrane-free Mg- CO2 (MF Mg- CO2) battery in comparison 
with conventional organic electrolyte, aqueous electrolyte, and hybrid electrolyte metal- CO2 batteries. 
The inset of Figure 6-1 displays the maximum power density (Pmax) and operating current density (mA 
cm-2) for a direct comparison. As can be seen, the electrochemical performance of our MF Mg- CO2
battery is clearly much better than that of previously reported metal- CO2 batteries. In addition to free 
from the membrane, our MF Mg- CO2 battery is composed of aqueous electrolyte, a magnesium (Mg) 
anode, and a gas-generation cathode. Unlike the conventional organic and aqueous metal- CO2 batteries 
that operate through direct CO2 reduction and evolution from the CO2 feed gas, the MF Mg- CO2 battery 
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does not directly utilize CO2 feed gas. Instead, the MF Mg- CO2 battery operates through spontaneous 
dissolution of CO2 in an aqueous solution (Eqs. 1 and 2), followed by electrochemical oxidation of Mg 
and hydrogen evolution (Eqs. 3 and 4). More specifically, the indirect CO2 utilization (dissolution) 
releases protons (Eqs. 1 and 2), from which hydrogen generation occurs (Eq. 4) on the cathode driven 
by the high negative electrochemical potential (μMg) of anodic oxidation reaction of Mg (Eq. 3) during 
discharge. Besides, Mg metal ion can be easily reduced by charging, leading to an efficient recharging 
battery system. It should be noted that the molar fraction of carbonate ions depends strongly on the pH 
value. This new cell electrochemical process is well-supported by fundamental studies, including the 
investigation of Butler-Volmer, rate of reaction at equilibrium with exchange current density, activation 
overvoltage/kinetics, and stoichiometric coefficient. We have also carried out simulated modeling to 
obtain the distribution of electronic, ionic, and spatial current potentials for a better fundamental 
understanding of kinetic factors of the electrochemical system, as we shall see later. CO2 dissolution 
reaction:
CO2 dissolution reaction: CO2 (aq) + H2O (l) « H2CO3 (aq) ,    Kh = 1.70 ´ 10
-3 (1)
  H2CO3 (aq) « HCO3- (aq) + H
+
(aq) ,   Kh = 6.3 (2)
Magnesium oxidation reaction: Mg (s) ® Mg
2+
(aq) + 2 e- , Ea = -2.37 V vs. SHE (3)
Hydrogen evolution reaction: 2 H+ (aq) + 2 e- ® H2 (g) , Ec = -0.44 V vs. SHE (4)
During the discharge process, the proton consumption via Eq. 4 leads to the further spontaneous 
dissolution of CO2 gas (Eq. 1, 2). This favorable cycle of the consumption and production of proton 
ions maintains the solution pH value at ~7.46 (Figure 6-3), leading to the formation of magnesium 
bicarbonate from the dissolved bicarbonate ion and oxidized Mg (Mg2+) (Eq. 5).
Mg2+ (aq) + 2 HCO3-(aq) ® Mg(HCO3)2 (aq) (5)
Thus, the spontaneous fixation of CO2 is achieved by converting CO2 into value-added carbonate 
species during the operation of our MF Mg- CO2 battery with a constant generation of electricity and 
hydrogen. it shows the thermodynamic energy cycle for the operation process of a MF Mg- CO2 battery 
with the associated numerical data for ΔG and ΔH of CO2 dissolution, HER, and Mg oxidation being 
listed in Table 6-1. When CO2 dissolution proceeds, HCO3- is formed and the standard reaction enthalpy 
can be calculated as follows: ΔHor = { ΔHof (HCO3-,aq) + Δ Hof (H+,aq)} - ΔHof (CO2,g) + ΔHof (H+,aq) 
+ΔHof (OH-,aq)}. According to the thermodynamic data given in Table 6-1, the reaction enthalpy is 
presented to be ΔHor= -68.49 kJ mol-1. Since ΔHor < 0, the CO2 dissolution reaction is exothermic. Also, 
the standard reaction Gibbs energy can be determined as follows: ΔGor={ΔGof (HCO3-,aq) + ΔGof (H+,aq)} 
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- ΔGof (CO2,g) +ΔGof (H
+,aq) +ΔGof (OH-,aq)}. Thus, the reaction Gibbs energy is ΔGor = - 35.17 kJ mol-
1. ΔGor < 0 means that the CO2 dissolution proceeds spontaneously. From this spontaneous chemical 
reaction of CO2 dissolution, the pH of solution is decreased.








H+ aq 0 0 0
OH- aq -229.99 -157.24 -10.75
H2 g 0 0 130.68
CO2 g -393.51 -394.36 213.6
HCO3- aq -691.99 -586.77 91.2
Figure 6-3 Hydrogen evolution potential according to a pH of aqueous solution. Hydrogen 
evolution potential is closely correlated to the pH value and follows the equation, E (V vs. SHE) 
= 0.000 – 0.0591 × pH and E (V vs. Ag/AgCl) = -0.197 – 0.0591 × pH. (a) Schematics diagram 
of hydrogen evolution potential related to pH. pH value of the solution with CO2 purging as a 
function on the time aerated in (b) 1M KOH and (c) 1 M KOH + 1 M NaCl solution.
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6.3.2 Half-cell configured electrochemical analysis
The electrochemical performance was measured by a rotating disk electrode (RDE) with linear sweep 
voltammetry (Figure 6-4a). A reference potential was made to Ag/AgCl instead of RHE for the 
clarification of potential difference caused by pH changes corresponding to different purging gases 
while platinum loaded active carbon (Pt/AC) electrocatalyst was use d for the reduction reaction. As 
shown in Figure 6-4a, the reduction polarization curve was observed around - 1.02 V vs. Ag/AgCl in 
the N2 saturated solution, corresponding to the typical hydrogen evolution reaction (HER). For the CO2
saturated solution, however, the onset potential for HER positively shifted by about 0.37 V caused by 
Figure 6-4 Half-cell configured reduction profiles. (a)Linear sweep voltammetry (LSV) 
profiles measured in N2- and CO2-saturated condition. (b) Tafel plots of the cathodic profiles.
(c) EIS curves at - 0.8 V vs. Ag/AgCl in N2- and CO2-saturated condition. (d) 
Chronopotentiometry profile at - 1 mA cm-2 in different saturated gas. (e) The in-operando
chronopotentiometry reduction profile from N2-saurated to CO2-saturated condition at - 1 mA 
cm-2. Inset: pH value of the solution with CO2 purging as a function on the time aerated.
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the decreased pH value with the dissolution of CO2 (Eqs. 1 and 2), as the HER potential is determined 
by the Nernst equation (0.0592 V x pH), leading to the facile (spontaneous) hydrogen generation. To 
gain further insight into the electrochemical performance under the CO2 saturated condition, Tafel plots 
were obtained from polarization curves measured in both of the N2- and CO2-saturated solutions (Figure
6-4b), which showed a smaller slope (44.2 mV dec-1) in the CO2-saturated solution than that of the N2-
saturated solution (48.3 mV dec-1). Figure 6-4c shows the electrochemical impedance spectrum, from 
which the charge-transfer resistance (Rct) value in the CO2-saturated solution was estimated to be 70.1 
Ω cm-2, a value which is significantly lower than that of the N2-saturated counterpart. These results 
indicate that the dissolution of CO2 improved the electrocatalysis kinetics for the hydrogen evolution 
process. To confirm the onset-potential for HER, we reproduced the chronopotentiometry profiles in 
Figure 6-4d, which shows that the CO2-saturated solution has a smaller overpotential for HER than that 
of N2-saturated solution without any significant degradation in both cases. For demonstrating the effect 
of CO2 dissolution on the hydrogen evolution, the in-operando chronopotentiometry reduction profile 
in the N2- and CO2- saturated solutions was presented in Figure 6-4e as a function of the time aerated 
with CO2 purging. Upon the CO2 purging in the electrolyte solution (red-colored as 1), the HER 
potential continuously increased with time to reach the value up to - 0.70 V vs. Ag/AgCl (blue-colored 
as 2) before leveling off. Because the HER potential is inversely proportional to the pH value of the 
electrolyte solution by following the Nernst equation (0.0592 V x pH), the in-operando 
chronopotentiometry reduction profile is more or less mirror imaged by the pH vs. time profile given in 
the Inset of Figure 6-4e. As can be seen from both the profiles in Figure 6-4e, it took about 1 h to reach 
the plateaus. Thus, 1 h was chosen as the aeration time for HER progress in CO2-saturated electrolyte 
toward the Mg- CO2 battery.
Figure 6-5 The effects of saturated condition in N2 or CO2 for Mg-CO2 battery. (a) I-V profiles 
under N2- or CO2-saturated 1 M KOH and 1 M NaCl. (b) Potentiodynamic polarization for 
Mg at different saturated condition.
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6.3.3 Full-cell performances of membrane-free Mg- CO2 battery
To demonstrate the working performance of MF Mg- CO2 battery, we performed a proof-of-concept 
experiment by constructing a cell with the three-electrode configuration shown in Figure 6-5, in which 
a Mg foil and Pt/C were used as the anode and cathode, respectively, along with a Ag/ AgCl reference 
electrode. Figure 6-6a shows the discharge polarization curves for the MF Mg- CO2 battery, from which 
an open-circuit voltage (OCV) was determined to be around 1.5 V from the difference between the 
anodic Mg potential (- 1.95 V vs. Ag/AgCl) and cathodic HER potential (- 0.47 V vs. Ag/AgCl) with a 
maximum current density of 202.3 mA cm-2. To investigate the effects of the dissolution of CO2, the 
discharge polarization curve in N2-saturated solution was also recorded, as shown in Figure 6-5. As 
expected, the values of both current density and OCV for the CO2-saturated cell are significantly higher 
than those for the N2-saturate cell, indicating improved electrochemical performance by the CO2
dissolution. The chronopotentiometry profile of the MF Mg- CO2 battery was measured at a current 
density of 20 mA cm-2 (Figure 6-6b), which shows a stable reduction potential (Ecell =~ around 1.0 V) 
over 35 h. Without further dissolution of CO2 during the HER, the pH condition would be rapidly 
changed during the discharge process, as shown in Figure 6-7. Therefore, the stable cathodic potential 
in Figure 6-6b indicates that the continuous dissolution of CO2 ensured the pH unchanged, and no 
clogging effects were observed during the HER process, leading to a stable cell operation performance 
without continuous degradation in sharp contrast to previous aprotic metal- CO2 batteries. To gain a 
fundamental understanding of the electrochemical process in the MF Mg- CO2 battery, we conducted a 
numerical simulation of three-dimensional electrochemical modeling. The model geometry and meshes 
can be found in Figure 6-2. As shown in Figure 6-6c, the simulated performance is well agreed with 
experimental data. Notably, the practical maximum power density was estimated to be 64.8 mW cm-2
at 109.7 mA cm-2, which outperformed those reported metal- CO2 cells. To investigate the contribution 
of each overpotential, we have analyzed the component overpotential for the total potential loss of the 
cell. Figure 6-6d depicts the contribution of the anode, electrolyte, and cathode overpotentials to the 
overall potential loss. As can be seen, the contribution of cathode overpotential is large at a low current 
density region, but that of electrolyte overpotential becomes dominant at a high current density region. 
Meanwhile, the contribution of anode overpotential is observed small, likely due to the relatively fast 
kinetics of Zn oxidation at the anode. The large electrolyte overpotential is primarily attributed to the 
low ionic conductivity of electrolyte in the aqueous solution. To further understand the potential 
configuration during the discharge process, the spatial distributions of electrode and electrolyte 
potentials were simulated at the cell voltage of 0.6, 0.8, and 1.0 V (Figure 6-6e), which show a steep 
decrease in the electrolyte potential from Mg metal to cathode due to the low ionic conductivity of 
electrolyte (CO2 saturated 1 M KOH +_ _1 M NaCl) and a nearly constant electric potential for each of 
the electrodes due to their high electronic conductivity. Insights gained from these simulated results 
could be used to guide engineering of the electrolyte concentration and distance between the electrodes 
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to further improve the overall cell performance by reducing the electrolyte overpotential. To 
quantitatively evaluate the utilization of CO2 and generation of H2 for the MF Mg- CO2 battery, the 
amounts of generated H2 and utilized CO2 were measured consecutively during the discharge process 
by the in-operando quantitative gas chromatography (GC) measurements (Figure 6-6f and g). It was 
found that the hydrogen was generated with an average Faraday efficiency of 92.0% over 70 min with 
an average CO2 consumption of 1.41 mL CO2 min
-1 (being converted into HCO3
-, cf. Eq. 1 and 2). 
Figure 6-6g shows the in-operando quantitative GC profiles measured at a discharge current of 200 mA 
in the CO2-saturated electrolyte solution. Prior to the discharge progress, only the CO2 peak was 
Figure 6-6 Membrane-free Mg-CO2 Battery performance. Full-cell tests were conducted in 
three-electrode configuration using Ag/AgCl reference electrode. (a) Polarization curves of 
catalyst. (b) Chronopotentiometric reduction profiles at 10 mA cm-2. (c) I-V profiles and 
corresponding power density of practical and simulated electrochemical performances. (d) 
Contribution of component overpotentials to the overall potential loss. (e) Spatial distribution 
of electronic and ionic potentials. (f) The amount of hydrogen production and CO2 conversion 
with Faraday efficiency during consecutive discharge at 200 mA. (g) The in-operando
qualitative GC profiles of outlet CO2 feed gas before and during discharge at 200 mA under 
CO2 saturated 1 M KOH + 1M NaCl solution.
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detected. During the discharge process, however, the pure H2 and excess CO2 gas were detected, but 
without any other gases (e.g., oxygen, nitrogen, carbon monoxide, etc.). The amount of utilized CO2
gas was further investigated, as shown in the inset of Figure 6-6g, confirming the fixation of CO2 during 
the discharge process. The theoretical amounts of hydrogen production and CO2 consumption were also 
shown in Figure 6-8, which shows the same trend as the experimental data (Figure 6-6f). Therefore, 
these GC profiles clearly indicate that the utilization of CO2 has continuously proceeded to generate 
pure H2 during the discharge process.
6.3.4 Structure and morphology analysis after discharge process
After a prolonged discharge process, carbonate ion species converted from the CO2 feed gas precipitated 
as a white solid product at the bottom of the MF Mg- CO2 battery (Figure 6-9a) [2,4]. However, H2 
generation and CO2 conversion still occurred even when the electrolyte solution was fully saturated 
with carbonate ion species. As shown in XRD profiles (Figure 6-9b), the white solid product was 
identified as magnesium carbonate (MgCO3 complexed with water). Following the calculated Pourbaix 
phase diagram (Figure 6-10), Mg2+ is the most thermodynamically stable phase under the present 
operating conditions [17]. Upon full saturation of the aqueous solution of magnesium bicarbonate with 
carbonate ion species, however, Mg(HCO3)2(aq) ion was converted into the solid-phase MgCO3 (Eq. 
6).
Mg2+(aq) + 2 HCO3-(aq) → MgCO3(s) + H2O(l) + CO2(g) (6)
The XRD pattern of the freeze-dried electrolyte after the discharge process under the N2-saturated 
condition was shown in Figure 6-9c, revealing magnesium hydroxide, Mg(OH)2, as the main product. 
We have further investigated the surfaces of the Mg electrode (Figure 6-9d and e) and gas generation 
Figure 6-7 The effects of saturated condition in N2 or CO2 for Mg-CO2 battery. (a) I-V profiles 
under N2- or CO2-saturated 1 M KOH and 1 M NaCl. (b) Potentiodynamic polarization for 
Mg at different saturated condition.
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electrode (Figure 6-9f). As expected, the partial corrosion reaction of the Mg electrode surface occurred 
in the presence of CO2, leading to the partial formation of carbonate products, such as Mg(OH)HCO3 
and Mg2(OH)2CO3. This is a kind of carbonate species (e.g., CO32- and HCO3 - ), but different 
discharge products, as shown in Figure 6-9d and e. To avoid possible inhibition of the electrochemical 
oxidation of Mg metal by a protective layer of the newly-formed carbon products, we have added NaCl 
in the electrolyte solution to release Cl- ions to maintain the continuous oxidation of the Mg electrode 
under the CO2-saturated condition as Cl- ions have been previously demonstrated to facilitate the 
corrosion of magnesium alloy in the presence of CO2 [18]. The concentration of NaCl for the MF Mg- 
CO2 battery was optimized according to the Ecorr vs. Ag/AgCl (Figure 6-11). Unlike the Mg electrode, 
the hydrogen gas generation electrode (Pt/AC) showed no significant change in XRD profiles before 
and after the discharge process, indicating no deposition of any solid discharge product on the electrode 
(Figure 6-9f).
6.3.5 Reversibility of membrane-free Mg- CO2 battery
To demonstrate the reversibility of the Mg- CO2 battery, we measured the anodic charge profile by using 
an electrocatalyst IrO2. Figure 6-12a shows oxidation profiles on a rotating disk electrode with or 
without NaCl in the electrolyte. As can be seen, the current density more rapidly increased with 
increasing overpotential in the CO2-saturated 1 M KOH and 1 M NaCl electrolyte compared to CO2-
saturated 1 M KOH without NaCl. The increased current density is attributable to the chlorine evolution 
reaction (CER, Eq. 7) apart from the oxygen evolution reaction (Eq. 8).
2Cl- → Cl2(g) + 2e- E = 1.36 V vs. SHE                       (7)
2H2O → O2(g) + 4H+ +2e- E = 0.78 V vs. SHE                       (8)
Figure 6-8 The theoretical amount of hydrogen production and CO2 conversion at 200 mA 
discharge process.
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As shown in the inset of Figure 6-12a, Tafel plots were derived from polarization curves for both 
electrolyte conditions, which show a smaller slope (47 mV dec  _1) for the electrolyte containing NaCl 
than that for the electrolyte without NaCl (65 mV dec  _1), indicating that the addition of NaCl 
facilitated the oxidation processes in the MF Mg- CO2 battery. Figure 6-12b shows the charge and 
discharge curves for the MF Mg- CO2 battery, along with the simulated polarization data that display a 
good agreement with the experimental results except for the slight decrease of charge performance at 
low current densities due to the well-known oxidation peak of iridium-based catalyst [19,20]. GC 
profiles shown in Figure 6-12c indicate that both O2 and Cl2 were simultaneously generated during the 
oxidation process. Cl- ions in the electrolyte has led to not only stable oxidation of the Mg electrode, 
but also enhanced charging kinetics of the MF Mg- CO2 battery. Furthermore, the charge-discharge 
performance for the MF Mg- CO2 battery was compared to the recently reported aqueous Zn- CO2
battery containing membrane [4]. As can be seen in Figure 6-13, our MF Mg- CO2 battery outperformed 
the Zn- CO2 battery in terms of the open circuit voltage and peak power density. The power capability 
of the MF Mg- CO2 battery was tested at various current rates. As shown in Figure 6-12d (the upper 
Figure 6-9 Structure and morphology analysis after discharge process. (a) Schematic 
illustration of MF Mg-CO2 battery. (b and c) The XRD profile of the precipitated white solid 
after discharge process in CO2 sat’d condition and N2 sat’d condition. (d and e) The FT-IR 
spectra and XRD patterns of pure Mg, Mg after discharge in N2 sat’d condition, and Mg after 
discharge in CO2 sat’d condition. (f) XRD profiles of carbon paper electrode with Pt/C catalyst 
before and after discharge progress under CO2 sat’d 1 M KOH + 1M NaCl solution.
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rectangle), the current density gradually raised from 5 to 40 mA cm-2 and reduced back to 5 mA cm-2. 
Notably, the polarization degree did not significantly increase even when the current density increased 
by a factor of 8 times. Over the whole current density range from 5 to 40 mA cm-2 covered in this study, 
the charging voltage remained under 3.1 V and discharging voltage remained over 0.75 V. Also, the 
initial discharging voltage was nearly recovered after returning the current density to 5 mA cm-2. For 
the further investigation of the reversibility of the gas generation electrode, the long-term cycling 
performance at a constant current density of 20 mA cm-2 was conducted. Figure 6-12d (the lower 
rectangle) also shows polarization curves for the metal and gas generation electrode, respectively, which 
displays a similar overall trend as that for the whole MF Mg- CO2 battery. Over the 800 min (80 
Figure 6-10 Pourbaix diagram for Mg-H2O system at 25 
oC.
Figure 6-11 Potentiodynamic polarization for Mg electrode at different concentrations of 
NaCl.
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discharge-charge cycles), the MF Mg- CO2 battery exhibited outstanding cycling performance with the 
triple gas generation (H2/O2/Cl2) with a nearly constant charge-discharge voltage gap. The 
reproducibility of the Mg anode during the charging process at a constant voltage of 3.5 V was also 
investigated by the ICP (inductively coupled plasma) measurements. As shown in Figure 6-14, the 
concentration of Mg ions in the electrolyte solution gradually increased due to the partial corrosion of 
the Mg electrode even without charging during the initial 2 h. After charging the MF Mg- CO2 battery, 
the concentration of Mg ions decreased to 47.0 mgMg L-1, indicating the deposition of Mg ions back to 
Figure 6-12 Reversibility of Membrane-free Mg-CO2 Battery. (a) Anodic rotating disk 
electrode profiles of IrO2 catalyst in CO2 sat’d 1 M KOH with and without 1 M NaCl. Inset: 
Tafel plots of the anodic profiles. (b) Charge and discharge polarization curves compared 
between practical and simulated performances in Mg-CO2 Battery. (c) The amount of oxygen 
and chlorine production during the consecutive charge at 200 mA. (d) Discharge-charge 
curves with different current densities in the range of 5-40 mA cm-2. (e) Cycling performance 
of Mg-CO2 Battery at a current density of 20 mA cm
-2.
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the Mg anode (i.e., the reverse reaction of Eq. 3). These results clearly demonstrate superior rate-
capability and reversibility for both the metal and gas generation electrodes in the Mg- CO2 battery. 
Additionally, it is worth noting that a charge process can suppress the solidification of the carbonate 
species (Eq. 6), leading to the improvement of CO2 utilization efficiency per Mg. We have also used 
Ba0.5Sr0.5Co0.8Fe0.2O3-d (BSCF) and various Mg-based alloyed electrocatalysts for demonstrating 
the versatility of the MF Mg- CO2 battery (Figure 6-15) and estimated the maximum power densities 
for AZ31(42.3 mW at 87 mA cm-2), AZ61(43.9 mW at 112 mA cm-2), and AZ91 (50.0 mW at 121 mA 
cm-2) electrodes in Figure 6-16. Owing to the highly generic nature characteristic of the battery reactions 
and the associated electrocatalysts that can be used to enable the battery operation, the methodology 
developed in this study could be regarded as a general platform for the development of next-generation 
of metal- CO2 batteries for CO2 sequestration, value-added chemical production, clean energy 
generation, and beyond.
Figure 6-13 Polarization curves, I-V profiles and Charge-discharge polarization curves 
compared between aqueous Zn-CO2 system and Mg-CO2 battery.
Figure 6-14 (a) Mg ion concentration in solution during charge process for Mg-CO2 battery. 
(b) Schematic of charge process of battery.
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Figure 6-15 Structural and electrochemical analysis of Ba0.5Sr0.5Co0.8Fe0.2O3-d (BSCF). (a) X-
ray diffractometer (XRD) result and (b) morphology of BSCF. (c) RDE polarization curves of 
each catalyst for reductive profile and (d) anodic profiles in CO2 sat’d 1 M KOH with and 
without 1 M NaCl of BSCF.
Figure 6-16 Various Mg alloy electrodes for Mg-CO2 battery. I-V profiles and stability test 
using (a,d) AZ31, (b,e) AZ61, and (c,f) AZ91 alloy electrode
112
6.4 Conclusions
Finally, in order to translate the newly-developed laboratory-scale MF Mg- CO2 battery technology into 
a commercial reality, we have envisioned an operational prototype system (Figure 6-17) that produces 
electricity and value-added chemicals as a cornerstone to better support sustainable human life from 
CO2 and earth-abundant renewable power (e.g., wind, solar, seawater). A typical process flow diagram 
for discharging and/or charging the MF Mg- CO2 battery system is given in Figure 6-18. With only the 
discharging process for the Mg- CO2 battery (Figure 6-18a), the produced energy was estimated to be 
0.15 MJ mol-1 CO2, which increased up to 0.20 MJ mol-1 CO2 in conjunction with the charging process 
from renewable energy (e.g., solar, wind, seawater) as the charging process will suppress the 
solidification of the carbonate species and improve the CO2 utilization efficiency (vide supra). The 
energy requirements per mole of CO2 at each of the processes were detailed which, together with Figure
6-17, indicate great benefits for the newly-developed MF Mg- CO2 battery technology to produce 
various value-added chemicals of practical significance and electricity from CO2 without any wasted 
by-products. Therefore, we have developed a promising and feasible protocol to convert harmful CO2
into clean electricity and value-added products, opening the door to electrochemical utilization of CO2
for future alternative technologies.
Figure 6-17 MF Mg-CO2 battery at the crossroad to better support sustainable human life.
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Figure 6-18 Schematic representation of processes and energy requirements (a) without charge 
process and (b) with charge process from renewable energy.
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Chapter  7 A Rigorous Electrochemical Ammonia Electrolysis Protocol 
with In-operando Quantitative Analysis
This chapter has been published and has been cited in the thesis by co-author Y. Yang.
Reproduced from J. Mater. Chem. A, 2019, 9, 11571-11579 with permission from the Chinese 
Chemical Society (CCS), Peking University (PKU), and the Royal Society of Chemistry.
7.1 Introduction
Owing to high capacity of hydrogen storage and environmental points of view, the ammonia (NH3) 
electro-oxidation reaction has received increasing interest as advanced technology to produce hydrogen 
using less thermodynamic energy than water electrolysis.1–4 Theoretically, the electrolysis of ammonia 
to produce nitrogen and hydrogen only requires an external voltage of 0.06 V, which is much lower than 
the energy needed for water electrolysis (1.23 V), leading to high theoretic energy efficiency.5–7
According to Vitse et al., ammonia electrolysis consumes 95 % less energy than water electrolysis 
during producing hydrogen at mild conditions.3 Also in terms of energy density, the ammonia contains 
15.6 MJ/L of volumetric energy density which is 70 % higher than liquid hydrogen (9.1 MJ/L). 
Moreover, ammonia is easily condensed at ambient temperature (under 8 bar of pressure), making it
suitable for transportation and storage. Consequently, the use of ammonia as a carbon-free hydrogen 
carrier has several advantages to succeed in widespread applications.
Ideally, the decomposition of ammonia is an attractive application for hydrogen production and 
comprises the reversal of the Haber-Bosch process.4,8,9 In the liquid ammonia decomposition system, 
H2O is reduced at the cathode to H2 (eq. 1) while NH3 is oxidized at the anode to N2 (eq. 2), generating 
the gas phase of hydrogen and nitrogen from an ammonia solution (eq. 3).
Cathodic Reaction : 6H2O + 6e- ® 3H2(g) + 6OH- (1)
Anodic Reaction : 2NH3(aq) + 6OH- ® N2(g) + 6H2O + 6e- (2)
Total Reaction : 2NH3(aq) ® N2(g) + 3H2(g) (3)
Competitive Anodic Reaction: 6OH- ® 3/2O2 + 6H2O + 6e- (4)
In the liquid ammonia decomposition process, it is well-known that the anodic reaction of ammonia 
oxidation reaction (eq.2) competes with side reaction of oxygen evolution reaction (eq. 4).
Herein, through in-operando analysis, we aim to track the real-time gas products and compare the 
consumption of power per hydrogen production for the ammonia electrolysis with the water-splitting 
during electrochemical measurements. Following this analysis, firstly ammonia decomposition can be 
successfully identified as H2 and N2 when using the most promising Pt electro-deposited electrode for 
this reaction in aqueous media. The well-controlled Pt electrode exhibited an exceptionally high 
electrochemical performance (50 mA cm-2 over 10 hours) in practical application. Moreover, we 
determine accurately the actual amount of H2 and N2 (or O2) and calculate faradaic efficiency during 
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operation. Besides, the higher hydrogen production per power than water splitting is providing definite 
evidence as an efficient hydrogen production electrochemical system. However, the above discussion 
also disproves that the ammonia oxidation reaction (AOR) mechanism conducted on Pt electrodes are 
rather complicated. Therefore, we also suggested standardized protocol towards the electrochemical 
tendency of AOR according to the electrode synthesis process utilizing electrochemical experiments, 
so that the experimental results can be inferred based on the standard catalyst. The use of this viable 
protocol will enable more effective analysis of electrochemical systems that are focusing on the 
practical application of ammonia electrolysis.
7.2 Experimental
7.2.1 Electrochemical Pt deposition
The synthesis process was carried out with a three-electrode system using Biologic VMP3. The working 
electrode was a Ni foam (1.6 mm thickness, 99.99%, MTI Korea). A Carbon rod and Ag/AgCl served 
as the counter and reference electrodes, respectively. In addition, the electrodeposition of Pt on Ni foam 
(1cm2) was performed by various cycle conditions with a voltage range from -0.4 to +0.2V (vs. Ag/AgCl) 
in 0.1 M HClO4 containing H2PtCl6 (2 mM, Sigma-Aldrich). After that, both electrodes were dried in a 
vacuum oven. The optimum electrodeposition conditions were determined using CVs of 
electrodeposited Pt at various voltages. CP electrodeposition of Pt on Nickel foam was performed at 
constant current at -2 mA in 0.1 M HClO4 containing 2 mM H2PtCl6 (Sigma-Aldrich). The 
electrodeposited Pt electrodes were characterized using SEM (Nova Nano SEM, FEI) and XRD (D8 
Advance, Bruker).
7.2.2 Electrochemical measurements
The experiments for ammonia electrolysis were conducted using Biologic VMP3. The carbon rod and 
Ag/AgCl electrode (saturated KCl filled) were used as the counter electrode and the reference electrode 
to evaluate the electrocatalytic AOR activities. To investigate the effect of pH on ammonia oxidation, 
CVs were conducted in 1 M NH3(aq) electrolytes containing various concentrations of KOH ranging 
from 1 M to 5 M. In addition to the effect of pH, the effect of ammonia concentration was investigated 
by recording CVs in 5 M KOH containing concentrations of ammonia ranging from 0.1 M to 2 M 
NH3(aq). CVs were carried out at a scan rate of 20 mVs-1 in the region from -0.40 to 0.60 V (vs. 
Ag/AgCl). Furthermore, stability profiles were investigated at various constant current density ranging 
from 50 to 100 mA cm-2. The obtained gas mixture was then directly subjected to analysis using a GC.
7.2.3 Gas chromatography analysis
The practical ammonia electrolysis system is composed of AOR electrode (Anode), HER electrode 
(Cathode), and reference electrode (Ag/AgCl) with three electrode system. The generated gas during 
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operating was analyzed by gas chromatograph with thermal conductivity detector (GC-TCD, controlled 
at 290 oC) utilizing Argon gas as the carrier gas (GC-2010 Plus, SHIMADZU Co.). The used column 
(controlled at 150 oC) is Micropacked column (shincarbon ST 100/120 2 m, 1 mm ID, 1/16in OD). In 
addition, the 1mL of sample loop (=sample volume) for GC analysis was used. Before the in-operando 
analysis, cleaning of the residue nitrogen (N2) and oxygen (O2) in the system is very important, because 
the residue N2 & O2 may contain substantial impurities in the faraday profiles of each gas. We have 
tested the residual quantity of each gas by first saturating our solution of 5 M KOH + 1 M NH3(aq) (40 
mL of electrolyte used) with Ar to remove any excess N2 and O2, followed by flowing 50 sccm for 1 h. 
A water trap before the GC instrument was placed. After Ar saturation process, all of ammonia analysis 
for FE was estimated with flowing 25 sccm Ar carrier gas. Although ammonia (NH3) in the solution 
could be volatile, we have also checked the absence of O2 and N2 peak without any impurity after Ar 
saturation process. Each standard gas was composed with Ar gas, and was quantified from the integrated 
peak area. Although the electrolysis was operated in consecutive condition, the GC analyzes by a dose 
but not in a consecutive real-time. For sum of each produced gas, during the consecutive gas was flew 
into GC and out, the 1 mL (=volume of sample loop) of sample in flowing gas was analyzed every 20 
min. From the FE results of each gas, we have calculated the amount of gas produced assuming that the 
system was operated with the identical FE between every 20 minutes.
Figure 7-1 Schematic illustration of CP -Pt and CV-Pt electrodes.
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7.3 Result and discussion
7.3.1 Procedure for synthesis of electrode
As shown in Figure 7-1, the two types of electrodeposited Pt electrodes were fabricated with a different 
electrochemical process (chronopotentiometric deposition vs. cyclic voltammetric deposition). The Pt 
particles were homogeneously deposited on the Nickel substrate from both processes, but different 
morphology.
7.3.2 Structural analysis for AOR electrode
The crystalline structure and morphology of each electrode were presented in Figure 7-2. In Figure 7-
2a, the crystal structure profiles were analyzed by X-ray diffraction (XRD) measurements. On the nickel 
substrate, the XRD patterns featured three small polycrystalline Pt peaks as Pt(111), Pt(200), and Pt(220) 
at 40o, 46o, and 68o, respectively.10–13 In Pt electrode from the cyclic voltammetric (CV) deposition 
process, the crystallinity of Pt improved in both Pt(111) and Pt(200) as the number of cycles was 
increased. With the Pt(111) and Pt(200), the average crystalline size of Pt was also investigated using
the Debye-Scherrer equation (Table 7-1).14–16 The average crystalline size of Pt from the CV process
was about a diameter of 10 nm with independency of the cycle number of CV, which is smaller than 
that of Pt electrode synthesized by chronopotentiometry (CP) deposition process (diameter of ~20 nm). 
In Figure 7-2b-f, SEM profiles show the morphology of Pt on nickel substrate for CP and CV electrodes. 
Under chronopotentiometric deposition Pt, the agglomerated round shape dense particles with the rough 
surface were obtained (Figure 7-2b). Meanwhile, the size of Pt particles synthesized CV method in 100, 
200, 400, and 500 cycles revealed smaller than that of CP method, which is well-matched with a 
tendency of particle size calculated from XRD.5 Interestingly, the 400 cycle electrode showed the 
flower-like platinum structure on a nickel substrate, which might be attributed to the enhanced 
electrochemical performance with high catalytic active sites. Compared to CP synthesis, the CV acts as 
an alternating redox process during the cyclic process, which is involving both deposition and 
dissolution of Pt. The continuous redox reactions (cathodic/anodic scans) are involved in nucleation 
and growth of Pt particles/atoms on a nickel substrate.17 During the reductive scan, the hydrogen (H2) 
is generated on the nickel substrate following possible reactions.18,19
PtCl62- + 2e- ® PtCl42- + 2Cl- (5)
PtCl42- + 2e- ® Pt + 4Cl- (6)
Pt + 2H+ ® Pt(H2)ads (7)
And then, during the oxidative scan, the further electrochemical reactions proceeded.
Pt(H2)ads + H2O ® Pt(O)ads + H2(g) + 2H+ + 2e- (8)
Pt(O)ads+ H2O ® PtO2 +2H+ + 2e- (9)
After that, during the again-reductive scan in cycle voltammetry, the reactions (10-12) proceed at low 
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overpotential window, leading to deposition of nanoparticles/atom Pt metal on the substrate.
Pt(O)ad + 2H+ + 2e- ® Pt + H2O (10)
Figure 7-2 (a) XRD patterns of six samples including bare Ni mesh, and Pt-deposited Ni mesh 
prepared by different electrochemical processes. SEM images of electrodeposited Pt on Ni 
mesh (b) CP process and at various cycle number (c) 100 (d) 200 (e) 400 (f) 500 cycles. Scale 
bar : 1 um.
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PtO2 + 4H+ + 2e- ® Pt2+ + H2O (11)
Pt2+ + 2e- ® Pt metal (12)
As suggested reaction (8), the desorption of H2 takes place by the reaction with H2O, which is might be 
attributed to flower-like morphology of Pt as shown in SEM results. Dendrite growth of Pt metal near 
the surface is favored due to direct generation of hydrogen bubbles off the substrate, with affects the 
local hydro-dynamic condition and flower-like morphology of Pt. According to the Bright-field (BF) 
STEM, totally different morphology between CP-Pt and 500 CV-Pt are reconfirmed (Figure 7-3). 
Moreover, TEM-EDS can be provided to confirm that the flower-like morphology belongs to Pt.
Table 7-1 FWHM and crystallite size extracted from the XRD data for electrodeposited Pt 




Cos q b, FWHM (rad)




500 cycle 0.353952 0.93801 0.015374509 0.15406 10.04174
0.411007 0.916719 0.014589506 0.15406 10.82782
0.600044 0.825311 0.017476807 0.15406 10.04010
400 cycle 0.351353 0.938908 0.016154846 0.15406 9.547553
0.408695 0.91764 0.01562143 0.15406 10.10240
0.597299 0.826857 0.017461752 0.15406 10.02996
200 cycle 0.351878 0.938727 0.014104084 0.15406 10.93789
0.410338 0.916986 0.015462694 0.15406 10.21338
0.597159 0.826936 0.018876891 0.15406 9.27716
100 cycle 0.351971 0.938695 0.014000307 0.15406 11.01934
0.410114 0.917075 0.017184 0.15406 9.189430
0.597581 0.826699 0.015794198 0.15406 11.09105
CC 0.352607 0.938476 0.008769777 0.15406 17.59568
0.409807 0.917198 0.008017641 0.15406 19.69283
0.597907 0.826515 0.011548777 0.15406 15.17157
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7.3.3 Electrochemical activieis for optimized AOR progress
To deeply evaluate the electrocatalytic activity for ammonia oxidation reaction (AOR), CP -Pt electrode 
and CV-Pt electrodes with the different number of CV cycles were conducted by cyclic voltammograms 
(CVs) in alkaline media (Figure 7-4a). From the CVs measurements, the CP -Pt electrode and 100 CV-
Pt electrode showed a similar peak current density of 182 and 176 mA cm-2, respectively. In addition, 
with the increased number of CV cycles, the peak current density is significantly increased and saturated 
by 500 cycles. After 500 cycles, as the surface grows and the structures become larger with increased 
surface area, the hydrodynamic stirring by the evolving H2 is less pronounced, and the diffusion limited 
growth of Pt to dendritic structures is no longer favored. When this occurs, compact Pt on the flower-
like Pt was deposited which might lead saturated electrochemical performance of CV electrode. The 
ammonia oxidation kinetics were also increased by 500 CV-Pt electrode as shown in Figure 7-4b. As 
shown in Figure 7-5, the AOR mass activity for 500 CV-Pt electrode was optimized as 4.37 A mg-1, 
which is higher than that of commercial Pt/C. In addition, the 500 CV-Pt electrode of normalized 
Figure 7-3 (a) Bright-field (BF) STEM image of 500 CV-Pt. (b) TEM-EDS mapping image 
shows flower-like morphology belongs to Pt of 500 CV-Pt. (c) EDS map spectrum of 500 CV-
Pt. Scale bar : 200 nm. (d) Bright-field (BF) STEM image of CP-Pt. (e) TEM-EDS mapping 
image shows flower-like morphology belongs to Pt of CP-Pt. (f) EDS map spectrum of CP-Pt. 
Scale bar : 200 nm.
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electrochemical performance with electrochemical surface area (ECSA) was also confirmed (Figure 7-
6 and 7). Therefore, the CV deposition process was optimized for 500 CV-Pt electrode according to 
ammonia oxidation performance regarding peak current density and kinetics for AOR. In the analysis 
protocol for identifying promising electrocatalyst for AOR, the intrinsic catalytic activity for AOR is 
Figure 7-4 (a) CVs measured on the CV-Pt electrocatalysts in 5 M KOH / 1 M ammonia 
solution. (b) Comparison of peak current density at different electrodeposition process. (c) 
CVs of the 500 CV-Pt on carbon paper at various temperatures from 25 oC to 60 oC. (d) 
Arrhenius plot. The double-layer capacitance (Cdl) of Ref electrode is 4.86 mF cm
-2 (e) CVs of 
the 500 CV-Pt electrode at various KOH concentrations from 0 M to 5 M. (f) CVs of the 500 
CV-Pt electrode at various ammonia concentrations from 0 M to 2 M. All of CVs 
measurements are recorded at a scan rate 20 mV s-1.
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needed to be investigated with the different AOR activities in various temperature conditions. In Figure
7-4c, CVs measurements were conducted using 500 CV-Pt on carbon paper to eliminate the activity of 
the nickel substrate at various temperatures in alkaline media. As the temperature increased, the peak 
current density for AOR is also increased. With the CVs results, we can obtain the apparent activation 
energy (Ea) calculated using the Arrhenius equation as follows.20–22
k = A e^(- Ea/RT)
where k, A, R, and T represent the reaction rate constant, frequency factor, gas constant, and temperature, 
respectively. Between the logarithm of current density and the reciprocal of the temperature, the linear 
increase of current density was confirmed with increased temperatures (Figure 7-4d). From the plotting 
data of 500 CV-Pt electrode, activation energy (Ea) for ammonia electro-oxidation was calculated as 
21.26 kJ mol-1, which is more favorable electrocatalyst for AOR than that of the previous Pt-based 
electrode (31.60 kJ mol-1).2 It is also worth noting that the activation energy for ammonia electro-
oxidation is much lower than that for thermal decomposition (ca. 70-170 kJ mol-1).23,24 From the 
calculation of Ea for AOR, we could find the efficient electrocatalyst for AOR or evaluate the ammonia 
oxidation or decomposition energy in various processes.
Figure 7-5 Mass activity of peak current for 100 CV-Pt, 200 CV-Pt, 400 CV-Pt, 500 CV-Pt, 600 
CV-Pt, and commercial Pt/C catalyst
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To detail investigate the catalytic activities of synthesized catalyst, the effects of not only OH- 
ion concentration, but also ammonia concentration should be evaluated. In Figure 7-4e, the 
investigation for AOR was conducted in various concentrations of KOH because the KOH electrolyte 
was utilized as a supporting solution at both half-cell and full-cell measurements. From without KOH 
condition to 5 M KOH, the overpotentials for AOR were significantly reduced and the peak current 
densities were extremely increased. According to the above results, ammonia is easily oxidized to N2 
on Pt surface at a high concentration of KOH, which might be attributed to the facile absorption of OH- 
ion at high concentration of KOH electrolyte. In addition to OH- ion concentration dependence, the 
effects of ammonia concentration in the electrolyte was also investigated. Figure 7-4f presented that 
Figure 7-6 Electrochemical CV scans recorded for each electrode; Scan rates are 20, 40, 60, 
80, 100, and 120 mV s-1. The selected potential range where no faradic current was observed 
from 0.165 to 0.265 V vs. RHE. (a) CP (b) CV-100 cycles (c) CV-200 cycles (d) CV-400 cycles 
(e) CV-500 cycles and (f) Capacitive current of each electrode at 0.215 V with different scan 
rates.
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the CVs measurements with a concentration of ammonia ranging from 0 M to 2 M in 5 M KOH 
electrolyte. As expected, at the concentration of ammonia for 0 M, there is no ammonia oxidation peak. 
From the 0.1 M to 1 M concentration, the ammonia oxidation peak current was gradually increased. At 
the 2 M concentration ammonia, however, the peak current for ammonia oxidation was slightly 
decreased. The decreased peak current density at 2 M ammonia electrolyte is might be attributed to 
metal oxidation reaction forming the metal oxynitrides that hinder the ammonia oxidation reaction.25
Therefore, from the above electrochemical analysis, we have optimized the specific condition for 500 
CV-Pt electrode for AOR as 1 M NH3(aq) in 5 M KOH solution at 60 oC. The ammonia electrolysis in 
single-cell and half-cell test was operated in the optimized condition.
7.3.4 Full-cell measurements for AOR
For a practical application for ammonia oxidation and hydrogen production, we have investigated 
single-cell electrochemical performance containing both hydrogen evolution reaction (HER) and 
ammonia oxidation reaction (AOR) in Figure 7-8. The CV-Pt electrode with various cycles was used 
as anode (ammonia oxidation electrode), and Pt wire was used as a cathode for the hydrogen evolution 
electrode. The single-cell measurements were conducted in a three-electrode configuration using an 
Ag/AgCl reference electrode to detail distinguish each electrochemical reaction.15,16,26 The stability test 
of the anode at various synthesized cycles ranging from 100 to 500 were conducted (Figure 7-8a). 
Among the electrocatalyst, the 500 CV-Pt electrode exhibits an excellent durability performance for 10 
h at a current density of 50 mA cm-2. In Figure 7-8a, all of the stability profiles show a potential range 
from 0.6 to 0.7 V in the beginning and then sharp jump to above 1.5 V as time passes. The sharp rise in 
cell potential occurs after a long time when the number of CV cycle is higher. From the three-electrode 
configuration, it is investigated that the sharp rise in cell potential was caused by the changed anodic 
reaction. These phenomena could be explained by competition between Equation (2) and (4) for the
Figure 7-7 Peak current density and current density at specific potential of each electrode. h 
means overpotential for AOR.
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oxidation of NH3(aq) and the oxidation of OH-, respectively. At the beginning of electrolysis, sufficient 
ammonia is adsorbed on the catalyst surface for ammonia oxidation. As electrolysis proceeds, however, 
the continuously degraded and sharply raised cell voltage was detected, which is attributed to consumed 
ammonia sources and the poisoning effect of the Pt surface during ammonia oxidation.3,6 For the 
detailed evaluation for practical application, the durability performance and I-V curve profile should be 
investigated as shown in Figure 7-8b and c. The stability performance at a high current density region 
(50 mA cm-2) was achieved over 10 hours, which is excellent electrochemical durability than that of 
recently reported AOR electrocatalyst.1,2,4,6,27–29 The stability performance and maximum durability time 
of 500 CV-Pt electrode at room temperature were also confirmed in Figure 7-9. In Figure 7-8c, I-V 
profiles present the electrochemical performance corresponding to different current density regions of 
each electrocatalyst. Because electrochemical property for different current density conditions needs to 
be investigated for the application in various operating conditions, the comparison has been made in 
both of the high and low current range. The 500 CV-Pt electrode showed low overpotential for ammonia 
oxidation (10 mA cm-2 at 0.51 V) as well as excellent ammonia oxidation performance at a high current 
density region (200 mA cm-2 at 0.85 V). From the detailed results in Figure 7-8b and c, the suitable 
electrocatalyst for practical application could be investigated.
The relationship between peak current density in CV tests and stability in the application as 
Figure 7-8 (a) Stability test of the CV-Pt electrodes at 60oC at constant current density of 50
mA cm-2 using 5 M KOH containing 1 M ammonia. (b) Maximum durability time and 
operating current density for the present work with that of previous studies for the electro-
oxidation of ammonia. (c) Polarization I-V profiles of 500 CV-Pt at various ammonia 
concentrations (d)-(e) Relationship between peak current density in CVs and durability time. 
(f) Linear-tendency of durability time with ECSA and peak current density.
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illustrated in Figure 7-8d-f. The electrical stability of the electrode showed a similar trend with peak 
current density. After stability using the ‘initial electrode’, the peak current density of electrode was 
dramatically decreased (denoted After stability test with blue color). Corresponding to decreased peak 
current density, the electrode has poor stability performance in Figure 7-8e. However, after refilling the 
NH3(aq) source in an electrolyte, both of peak current density and stability performance was increased. 
Interestingly, the stability performance in the practical application has linearly increased with peak 
current density in CV tests (Figure 7-8f). Furthermore, the stability performance also has a linear 
tendency with electrochemical surface area (ECSA) of the catalyst (Figure 7-6).30,31 With these results, 
we concluded that the stability performance of electrocatalyst is attributed to reduced ammonia source 
in electrolyte as well as initial physical or electrochemical surface area, which could be treated as a 
capacity for preventing poisoning effect. Also, it is worth noting that we could roughly predict the 
stability performance from the CV profiles.
7.3.5 In-operando quantitative analysis with gas chromatography
To identify the composition of gas products in practical applications, in-operando quantitative gas 
chromatography (GC) measurement was conducted. Before the ammonia electrolysis with GC analysis, 
we have cleaned the impurity from residue gas in the system for quantitative analysis of each gas 
(Figure 7-10). As shown in Figure 7-11a, a systematic experiment was conducted by connecting a 
closed liquid ammonia decomposition device (AOR + HER) directly toward a GC instrument. With the 
three-electrode system, firstly, we have investigated the faraday efficiency (FE) of hydrogen production 
at each specific potential (Figure 7-11b). In the potential window from -0.25 V to 0.35 V vs. Ag/AgCl, 
the faraday efficiency of 500 CV-Pt electrode was detected at ca. average 90 %, suggesting that efficient 
Figure 7-9 (a) Stability test of the CV-Pt electrodes at 60oC and room temperature at constant 
current density of 50 mA cm-2 using 5 M KOH containing 1 M ammonia. (b) Maximum 
durability time and operating current density for the present work with that of previous 
studies for the electro-oxidation of ammonia.
a b
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AOR activities of 500 CV-Pt electrode. Meanwhile, a separated drainage tube was utilized to determine 
the amount of H2/N2, which indicates the gas volume and molar ratio being close to 2:1 between H2 and 
N2 gas (Figure 7-12) at cell potential of 0.8 V. To investigate the AOR catalytic activity in consecutive 
condition, the chronopotentiometry measurements with in-operando GC analysis was conducted at a 
constant current of 200 mA (Figure 7-11c-f). A constant current was applied over 200 min and the 
amount of each gas generated was analyzed every 20 min using GC analysis. During the electrolysis 
process, the hydrogen and nitrogen gas were simultaneously produced with faraday efficiency of an 
average 93 % until 100 min. After the anodic reaction changed from AOR to OER, the hydrogen and 
oxygen gas were produced instead of nitrogen gas (Figure 7-11c-d). It is worthy noting that AOR and 
OER progress were clearly distinguished in the case of Pt based catalyst, but the working potential of 
AOR for non-noble metal catalysts normally overlaps with OER potential window. Therefore, it is 
necessary to distinguish AOR with OER through in-operando analysis during practical operating 
Figure 7-10 Integrated peak areas of each gas and faradaic efficiency of (a) H2, (b) O2, and (c) 
N2. (d) GC profiles of Ar saturation process, HER/AOR, and HER//OER configuration. After 
Ar cleaning process, there is no residue gas in the ammonia electrolysis system.
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condition. At the same time, the overpotential for the anodic reaction was sharply increased from -0.05 
V toward 0.87 V vs. Ag/AgCl. The changed anodic reaction leads to significantly increase energy 
consumption for hydrogen production as shown in Figure 7-11f. At the AOR region, the hydrogen 
production per power consumption was about 152 % higher (568.97 LH2 kWh-1AOR) than that at the OER 
region (225.61 LH2 kWh-1OER).32 These results indicate that the liquid ammonia decomposition using 
500 CV-Pt electrode has a strong potential for mass production of hydrogen at low-energy consumption 
in practical application.
Figure 7-11 (a) Schematic diagram of the in-operando GC measurement using a three-
electrode system. (b) Faradaic efficiency at a specific voltage (-0.25, -0.15, -0.05, 0.05, 0.15, 
0.25, and 0.35V). The error bar reflects the three device results. All electrolysis in this system 
was operated in 1 M NH3 in 5 M KOH solution at 60
 oC. (c) The amount (mL) and (d) faradaic 
efficiency (%) of each produced gases during operating ammonia electrolysis time over 200 
min discharge at 200 mA. (e) Chronopotentiometric profile in three electrode configuration 
system and (f) Hydrogen production per power consumption during consecutive discharge at 
200 mA.
Figure 7-12 a) A digital image of the ammonia electolysis system for b) the production volume 
of H2 and N2 at 0.8V using 500 CV-Pt electrode.
131
7.4 Conclusions
In this study, we investigated electrodeposited Pt catalysts on various CV cycles and conducted 
ammonia electrolysis using practical cell. It is noteworthy that fundamental relationships between 
electrodeposition cycles and electrocatalytic activity about CV-Pt electrode gained from surface 
morphology analysis and electrochemical area. The enhanced catalytic activity of flower-like Pt 
particles in 500 CV-Pt electrode results in stable dehydration of NH3(aq) (0.65 V @50mA cm
-2) as well 
as ammonia oxidation peak current. Moreover, the analyses discussed in the present work show the 
introduction of in-operando techniques has significantly affected in the AOR study. The complex AOR 
mechanisms, which proceeds through the continuous decomposition of NH3(aq) into NH2 and NH 
species and dimerization into N2, are distinguished from the OER competitive reaction by the
simultaneous recording of the electrocatalytic performance and quantitative gas production in real-time. 
We confirmed that highly pure hydrogen is produced with high faradaic efficiency (over 90%) and more 
than 60 % less energy consumption (1.76 Wh L-1H2 with AOR) is needed compared to conventional water 
electrolysis (4.43 Wh L-1H2 with OER). Thus, it will be required to develop the electrocatalysts using 
established experimental parameters and operating protocols analyses for the successful 
implementation of NH3(aq) as an eco-friendly energy source.
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Chapter  8 General conclusions and outlook 
8.1 General conclusions and outlook
Electrochemical catalysts and electrochemical devices are essential fields for the next-generation eco-
friendly energy society. In order to progress from a fossil fuel-based energy society to an eco-friendly 
fuel-based energy society, numerous studies and efforts are being made. There are still many obstacles 
to replacing fossil fuel-based energy, but it is undeniable that we are progressing slowly but step by step 
towards an environmentally friendly energy society. Technology and science must advance in a 
direction that benefits all living things as well as humans. From this point of view, during the graduate
period, my research was conducted focusing on eco-friendly energy production field using sustainable 
fuels in atmospheric or vast fuels to replace fossil fuel-based energy. Starting with research on the 
utilization of hydrogen and oxygen, research on a device that can produce energy using carbon dioxide 
was conducted as a next step. It was expected that the newly engineered carbon dioxide utilization 
device could help to solve the global climate problem and energy problem at the same time. In addition, 
for a faster transition to a hydrogen society, the next research was conducted on a technology that can 
mass-produce hydrogen using ammonia. In future research, I plan to study a new electrochemical device 
that can mass-produce hydrogen using nitrogen in the atmosphere. It is hoped that using these two 
devices, ammonia production equipment through nitrogen and hydrogen production equipment through 
ammonia, will be able to truly lay the groundwork for the era of a hydrogen society.
It is hoped that all these research could be of a small contribution to the accompaniment of everyone 
who is slowly but step by step for a better society. 
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